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While hollow glass microspheres are commonly used in syntactic foam production, 
their abrasive and brittle properties usually result in poor processability and have 
adverse effects on the foam performance. Therefore, a number of attempts have been 
made in the industry to replace hollow glass microspheres with polymeric foamed 
microspheres. Among many choices, syntactic foam filled with expandable thermoplastic 
microspheres has shown high potential to become a novel class of engineering materials, 
especially for lightweight structural applications. However, conventional processing 
techniques for syntactic foam usually experience difficulties such as high processing 
viscosity, low loading of foam fillers, and ineffective microsphere expansion. 
To address the issues mentioned above, a microwave expansion process to 
produce thermoset-matrix syntactic foam containing thermoplastic foam beads was 
designed and developed in this thesis work. Expandable polystyrene (EPS) 
microspheres and epoxy resin were chosen as a model material system. This process is 
featured with a capability to effectively expand EPS microspheres in syntactic foam with 
high EPS loading. The resin viscosity and the specific microwave energy are found to be 
the two primary control parameters determining the process window. Mechanical 
characterization showed that the specific flexural strength and modulus of the syntactic 
foam are similar to those of the neat epoxy. By comparison, the flexural moduli over 
density squared or cubed of the foam are much higher, especially at high EPS loadings, 
than those of the neat resin. The foamed EPS microspheres can also effectively toughen 
the syntactic foam, preventing propagation of cracks. Furthermore, the microwave 
expansion process was found to be capable of molding syntactic foamed parts of 
relatively sophisticated geometry with smooth surfaces. 
xxvi 
 
In order to broaden the impact of the research, the microwave expansion process 
was extended to produce composite EPS foam with improved fire-retardant performance. 
This process converts an expandable suspension containing a fire-retardant compound, 
unexpanded EPS microspheres and a diluent, into a composite foam with a honeycomb-
like barrier structure. The expandable suspension process is featured with incorporation 
of high loadings of environmentally friendly and low-cost inorganic fire-retardant agents 
without undermining the foamability of EPS microspheres. Optical observations 
confirmed the formation of such a unique structure that encapsulates each expanded 
polystyrene microsphere in the resulting foam. The suspension viscosity was found to 
highly influence the foam morphology. Results from mechanical tests showed that the 
existence of the barrier structure can considerably improve the mechanical performance 
of the composite foam. Fire-retardation tests demonstrated that the barrier structure can 
effectively stop the fire path into the foam, suppress toxic smoke generation, and 
maintain foam structure integrity, enabling the composite foam to have improved fire-
resistance in comparison with neat foam.  
A further understanding on the fundamental aspect of this process is highly desired 
to optimize the microwave expansion process. It requests to establish a model that can 
simulate the core part of the process, the expansion of EPS microsphere, since kinetic 
parameters related to bubble nucleation and growth cannot be measured easily by 
experimental methods.  A general formulation was thus developed to model the EPS 
expansion.  A semi-analytical solution was first obtained based on the case of a single 
bubble expansion in an infinite matrix. The dimensionless bubble radius and pressure 
are defined and found to be as exponential functions of dimensionless expansion time. 
The characteristic bubble expansion time is able to characterize the time scale of 
expansion process. The semi-analytical solution can qualitatively predict the radial 
xxvii 
 
expansion of EPS microsphere observed in a real-time experiment. To have an accurate 
prediction, a numerical solution was obtained to the model that couples the nucleation 
and expansion of multiple bubbles in a finite matrix at various temperatures. The results 
showed that the numerical solution is able to quantitatively predict the radial expansion 
of EPS. A parameter sensitivity study was performed to examine the effect of each 
parameter over the expansion process.  
In summary, in this thesis work, a microwave expansion process was designed to 
solve some emerging issues existing in the syntactic foam industry. The application of 
this process was then extended to produce a composite EPS foam in order to address 
the fire retardation problems of polyolefin foams. At last, a process model was 
developed to improve the fundamental understanding of expansion kinetics of EPS 













1.1 Syntactic Foam 
1.1.1 Overview 
Syntactic foam is a special kind of gas-filled polymeric materials in which hollow or 
foamed microspheres, named as fillers, are embedded in a polymer matrix designated 
as binder [1]. Since the fillers are directly introduced into the binder materials, the 
processing technique to produce syntactic foams can also be termed as the micro-
capsulation.  
Syntactic foam can be categorized into the class of foamed plastics because their 
heterophase gas-solid structure is similar to those of gas-blown cellular plastics [2]. 
However, the cellular structure in syntactic foam is not formed by blowing agents but via 
introducing gas-filled particles into polymer binders. Moreover, since the microspheres 
usually have continuous shells, the syntactic foam made from such fillers thus has a 
completely closed-cell structure along with the absence of microstructural anisotropy [3]. 
Also, different from the ordinary foamed plastics, syntactic foam is usually a ternary 
system rather than the binary one, since the material to make the shells of fillers is not 
the same one to make the binder. Sometimes, during the manufacturing process, air 
pockets will also be introduced into the binder purposely to further reduce the part 






Figure 1.1 Scheme to illustrate structure and composition of syntactic foams. 
 
 
The unique filler-binder structure enables syntactic foam to have some valuable 
properties, such as low density, low coefficient of thermal expansion, high strength-to-
weight ratio, low moister absorptivity, and good resistance to hydrostatic pressure [4, 5]. 
These properties are highly influenced by several factors including the type, volume 
fraction, size, and distribution of fillers, matrix binder, filler/matrix interface, and 
processing conditions, and thus can be tailored to specific applications [6, 7].  
A typical manufacturing process of syntactic foams consists of mixing of filler and 
binder, filling the mold or structure with the mixture, curing and post-treatment [8]. The 
major challenge lies in the mixing stage where a careful choice of processing 
parameters is required. Generally, the viscosity of the mixture should be maintained in a 
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certain range. The viscosity should not be too high. Otherwise, the mold filling step will 
be influenced, resulting in cavities or incomplete filling. To assist in the filling step, 
vacuum is frequently used when the mixture is cast into the mold. 
Syntactic foam has been extensively applied in the fields of marine, construction, 
aerospace, automobile, electronics, medicine, energy, etc. [9-11].  It is also worth noting 
that the high flexural modulus-to-weight feature makes syntactic foam very suitable to 
serve as the core material used in the construction of sandwich structures [9, 12]. 
 
1.1.2 Matrix/Binder 
The matrix binders of syntactic foam can be thermosetting resins, such as epoxy, 
unsaturated polyester, phenolic resin, polyurethane, silicone, and polybenzoxazine, or 
thermoplastics like polyethylene and polypropylene [12-15]. For the thermosetting 
materials, it is generally recommended for the binders to possess the following 
properties [8]:  
1) Low viscosity 
2) Easily controlled gelation time 
3) Small exothermal effect during curing 
4) Low curing shrinkage 
5) Good adhesion and wettability to the filler 
6) Compatibility with modifiers and fillers, including diluents, plasticizers, dyes, 




Figure 1.2 Microstructure of hollow glass microspheres filled epoxy syntactic foam 
showing voids and nanoclay clusters for (a) neat, (b) 1 wt% nanoclay, (c) 2 wt% 
nanoclay, and (d) 3 wt% nanoclay [16]. 
 
 
Among all of these choices,  epoxy resin is the most popular one as the binder 
material in syntactic foam and extensively serves in structural and composites 
applications, especially for construction and aerospace industrials, because it can 
provide a unique combination of properties which are unattainable with other resins [17]. 
Uncured epoxy is available in wide range of physical forms from low-viscosity liquid to 
high-melting solids, enabling it to be amenable to various processes. Some very 
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attractive features are found in cured epoxy solid including but not limited to high 
strength, satisfactory adhesion to substrates, low shrinkage, good electrical insulation, 
high chemical resistance, and low toxicity [18].  Another appealing characteristics of 
epoxy is that it has an easy curing process without evolution of any volatiles or by-
products, thus introducing no voids, compared with other resins like melamine and 
phenolic [19]. However, epoxy resin suffers from several deficient properties, for 
example, inherent brittleness and high material cost, hindering its further application in 
many areas [20]. An example on the hollow glass microspheres filled epoxy syntactic 




Figure 1.3 Fractures of phenolic resin matrix syntactic foam containing dry fly ash 
cenospheres and E-glass fiber reinforcing additives [12]. 
 
 
Phenolic resin is another widely employed thermosetting binder in the manufacture 
of syntactic foams. It is produced by the reaction of phenol and phenol substitutive with 
formaldehyde. Phenolic resin can be generally classified into two categories [21].  When 
the formaldehyde is excess with an alkaline catalyst, the resin is named as resole which 
possesses functional groups of hydroxymethyl group and dimethylene ether bridge. 
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Resole can be cured by the application of heat or acid through methylol condensation. 
On the other hand, when the phenol and phenol substitute are excess with an acidic 
catalyst, the resin is named as novolac which has no functional groups and must be 
cured by adding extra curing agent. Uncured phenolic resin is commercially available in 
either solid or liquid state. When cured, phenolic resin possesses high hardness and 
high stability, but a very low fracture strain [22]. It is also fire retardant due to the 
crosslinked structure with high concentration of benzene rings. Because of this, many 
fire resistant coatings contain phenolic resin as the major organic component [23]. An 
example to show the use of phenolic resin matrix syntactic foam containing dry fly ash 
cenospheres and E-glass fiber reinforcing additives for light weight structural 
applications is presented in Figure 1.3 [12].  
 
1.1.3 Fillers 
The hollow or foamed microspheres are usually made of glass, metal, ceramics, 
phenolic resin, epoxy, polystyrene, polyurethane, polyvinyl chloride, etc. [24-26]. 
Generally, the fillers are required to be spherical, noncohesive, strong, intact, resistant to 
moisture and chemicals, and hydrolytically stable [8]. 
Hollow glass microsphere is most commonly used as the filler in syntactic foam. 
This is because it usually has high strength and significant difference in elasticity 
compared with polymer matrix. Since the processing techniques and sources of the raw 
materials have been well established for many years, the price of hollow glass 
microspheres are generally considerably cheaper than that of hollow polymeric 
microspheres. An example using hollow glass microspheres as the fillers in syntactic 








However, the stiff and brittle nature of hollow glass microspheres usually results in 
poor processability and has side effects on performance of the foam, especially when 
brittle binder material, such as epoxy, is employed [4]. Moreover, since the density of 
glass is relatively high, hollow glass microsphere is less effective in weight reduction 
when applied to syntactic foam. 
Polymeric fillers, in contrast, are less brittle and elastically deformable. When 
added in the binder material, they can enhance the material processability, improve the 
compatibility between microsphere and matrix resin, effectively reduce the density of 
syntactic foam, and toughen the syntactic foam [14]. Since the polymeric fillers usually 
give a very similar elasticity as the binder, the mechanical strength of syntactic foams 
made of these fillers are generally weaker than that of hollow glass microsphere filled 
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ones. However, when considering the density reduction effect, one can find a significant 
improvement in specific mechanical strength of syntactic foams with polymeric fillers. 









Samsudin and Bakar [27] reported a study that focused on the development of 
epoxy syntactic foam containing hollow epoxy microspheres as fillers. The hollow epoxy 
microspheres were created using an innovative approach that the expandable 
polystyrene microspheres were first coated with epoxy resin and then served as the 
sacrificial templates at high temperature which shrank the polystyrene beads and thus 
produced hollow structure. It was found that the hollow epoxy fillers had an excellent 
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adhesion with the binder material. The deformation pattern of the syntactic foams made 
in this study was observed to be very similar to those of the other types of syntactic 
foams. Huang and Nutt [28] fabricated phenolic resin syntactic foam with hollow phenolic 
microspheres which was reinforced by chopped carbon fibers. It was found that the 
syntactic foam can be substantially strengthened by relatively small amount of short 
carbon fibers. The relationship of syntactic foam density to foam density was seen to 
follow a power-law behavior. 
Among all of the hollow polymeric microspheres mentioned above, expandable 
thermoplastic microsphere (ETP) is a very promising class but its application in syntactic 
foam has not been well explored. The usage of ETP in syntactic foam will be discussed 
in details in 1.2.2.  
 
Figure 1.6 Micrograph of the fractured section of syntactic foam containing hollow 




1.2 Expandable Thermoplastic Microsphere 
1.2.1 Expandable Polystyrene 
Among many types of ETP, expandable polystyrene (EPS) is the most widely 
employed in the industrial applications. It is the raw material used for molding foamed 
polystyrene products that are extensively used as buffering or thermal insulation 
materials in construction and packaging. EPS is manufactured in the form of very small 
polystyrene microsphere with a weight-average molecular weight between 160,000 and 
260,000 and contains physical blowing agent, usually pentane or butane [29]. The 
unexpanded microsphere has a diameter ranging from 0.2mm to 3.0mm. The 
microsphere can be up to 25 to 40 times larger in volume with a closed-cell cellular 
structure when expanded at elevated temperature [30]. 
The manufacturing process of unexpanded EPS usually contains polystyrene 
polymerization, physical blowing agent impregnation, drying and sieving, as shown in 
Figure 1.7. Solid polystyrene microspheress are first produced using emulsion or 
suspension polymerization with styrene monomers. The bead size and molecular weight 
are controlled by the amount of additives and catalysts and reaction parameters, such as 
reactor temperature and agitation speed. Since the polystyrene polymerization process 
is an exothermal reaction, special cares to the control of reactor temperature and 
pressure should be addressed. The physical blowing agent, such as pentane or butane 
as mentioned above, are then impregnated into the soft polystyrene beads under 
pressure. When the impregnation step is completed, the entire system is dumped into 
de-watering bath. After dewatering, the produced beads are transported into dryers to 
further remove the residual water. The dried EPS microspheres are finally screened 
through a sieving system to have the desired sizes. Common sizes of unexpanded EPS 
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microspheres include Large “A”, Medium “B”, Small “C”, and Cup Grade “T”. Usually, for 
large quantity, the unexpanded EPS microspheres are stored in specially designed low 
hydrocarbon permeability liners. Even with such special care, the blowing agent that is 
quite volatile can be dissipated over time. A low storage temperature is also 





Figure 1.7 Manufacturing unit of expandable polystyrene [31]. 
 
Expanded EPS or EPS foam exhibits several appealing features that meet the 
requirements of a number of applications such as construction, package, flotation, and 
transportation. These features include but are not limited to low density, good thermal 
insulation property, satisfactory mechanical properties and good water resistance. The 
process to manufacture the EPS foams generally include three steps, namely, pre-
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expansion, stabilization, and block molding, as presented in Figure 1.8. A prepuff particle 
with desired size and density is first generated in a pre-expansion vessel from 
unexpanded EPS. The vessel is equipped with inlets for steam and air, agitation blades, 
and automatic feeding system. The unexpanded EPS microspheres are quickly 
expanded to the required density via controlling the bead feed rate, steam and air flow, 
agitation speed. The expansion time control should be emphasized because an 
extended period in pre-expander results in a subsequent collapse of the foamed 
microspheres. After the pre-expansion step and a short drying, the produced prepuff is 
then transferred to holding bins to reach ambient temperature. This process can take as 
long as days to stabilize the expanded beads to further eliminate residual water and 
dissipate the excess blowing agent. The stabilization step is necessary for the following 
block molding step. The prepuff is molded into different geometries in a specially 
designed stainless metal molds with openings to have steam entered and condensed 
water escaped.  Vacuum chamber is usually installed on the block molds to assist the 
steam penetration during molding. After being molded, the EPS foamed blocks are 
allowed to stabilize for at least one day at room temperature or higher. Such molding 
process can also be achieved with specially designed injection molding machine which 











1.2.2 EPS-filled Syntactic Foam 
Despite only a few reports found, EPS-filled syntactic foam has shown its high 
potential to serve as a novel class of engineering materials, especially for lightweight 
structural applications. Here are some examples. 
Brooks and Rey [32] prepared EPS-polyurethane syntactic foam which was 
designed as automobile crash pad. The unexpanded EPS microspheres were first well-
blended with polyurethane system and then the fillers were foamed by the heat 
generated from the curing of matrix. An impact resistance test was conducted to study 
the performance of the syntactic foamed products. It is found that the EPS-filled 
polyurethane syntactic foam can absorb much larger amount of impact energy as the 
result of collapse of discrete rigid foamed polystyrene microspheres, compared with 
conventional polyurethane pad.  Moreover, since the EPS is much cheaper than that of 
the polyurethane, the cost of pad is considerably lowered. 
Lawrence and Pyrz [14] produced EPS-filled syntactic foam with polyethylene as 
the matrix material using a single screw extruder. The low density polyethylene with low 
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melting point was chosen as to maintain the cellular structure of the fillers. The 
morphology of the syntactic foam is presented in Figure 1.9. It is discovered that the 
extruded EPS-polyethylene foam possessed higher specific creep than neat 
polyethylene. Moreover, compared with the neat polymer, the syntactic foam was of a 
much larger stress relaxation modulus over density squared, indicating the EPS-filled 




Figure 1.9 Micrographs of EPS-polyethylene syntactic foams [14]. 
 
 
Expanded thermoplastic microspheres can also be incorporated in inorganic matrix. 
A study conducted by Aglan and Ahmad [33] added Expancel microspheres which were 
made from acrylic copolymer containing isopentane as the fillers into Portland white 
cement.  It is found that a 2.5-fold increase in indirect tensile strength and 30% increase 
in thermal resistance can be achieved by incorporating only less than 1% (w/w) 
expanded Expancel into Portland white cement.  Moreover, the water diffusion in cement 
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can be considerably improved with the addition of Expancel, resulting in an improved 
hydration process. It is also revealed that the nanoscale roughness of the cement 





Figure 1.10 (a) Atomic force micrograph of neat white Portland cement (b) atomic force 
micrograph of white Portland cement with 0.1% Expancel microspheres. Micro-graph 
taken in an area a few millimeters away from a microsphere [33]. 
 
 
Kim and Kim [34, 35] proposed a new epoxy toughening mechanism by introducing 
thermally treated EPS microspheres. They deduced and then experimentally proved, as 
shown in Figure 1.11 and Figure 1.12, respectively, that the residual compressive stress 
around dispersed microspheres via thermal treatment is the major toughening 
mechanism rather than the cavitation. It is found that the epoxy samples containing 
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thermally treated EPS microspheres has a considerable higher specific fracture energy 
and critical stress intensity factor than those of neat epoxy, indicating an effective 




Figure 1.11 Residual compressive stresses around micro-spheres in the vicinity of the 






Figure 1.12 A thin section of EPS-filled epoxy sample showing heat treatment effect: (a) 
polarized and (b) unpolarized. The polarized image displays strong fringe patterns 
around microspheres representing residual stresses [34]. 
 
 
Shutov [36] studied the reinforcing effect of expanded EPS microspheres in 
polyurethane elastomer. It is found that, with the increase of the EPS loading, the 
density of the syntactic foam decreases while the tensile strength first increases then 
decreases and reaches the maximum at approximately 10% (w/w). A same tendency 
was obtained for the specific tensile strength. 
Peng and Peng [37] extruded microcellular polylactic acid (PLA) parts using EPS 
or supercritical nitrogen. All of the foamed parts had a decent reduction of density 
ranging from 10% to 20%.  As shown in Figure 1.13, it is found that the PLA parts with 
EPS as the pore generators has a better surface quality compared with that made by 
nitrogen. In Figure 1.14, the nitrogen-blown PLA foam was measured to have higher 
tensile modulus and strength than those with EPS. However, a much higher strain at 






Figure 1.13 Two-dimensional surface roughness of solid and microcellular PLA parts 




Figure 1.14 Mechanical properties of solid and microcellular PLA parts with different 
loadings of EPS or foamed with supercritical nitrogen [37]. 
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1.3 Fire Retardation of EPS Foam 
1.3.1 Burning Characteristics 
Applications of EPS foams have been restricted in recent years due to some fire 
safety considerations. Since EPS foams are made of polystyrene, usually having 
pentane as blowing agent, they are easily ignited with a limiting oxygen index of only 18 
[30]. Once the foam is ignited, the flame can spread along the foams rapidly and sustain 
itself even when the fire source is removed. Moreover, during combustion of EPS foams, 
toxic heavy black smoke is generated with an obvious material dipping phenomenon. 
The smoke can irritate human respiratory system and enable asphyxia. The burning 
dripping material can flow and ignite other combustible materials. In addition, especially 
when the foam blocks or slabs are used for housing thermal insulation layers, a 
disastrous collapse of foam structure occurs in fire, resulting in the shedding of painting 
and decorating layers at building outer walls. This usually hinders firefighting and 
rescuing actions due to the destruction of working surfaces, leading to a severe life and 
property loss [38].  
A number of tragedies have happened in recent years due to EPS fire. In 
September 1991, a fire occurred in a chicken processing factory constructed from 
insulated EPS panel, located in North Carolina. Of the 90 staff present at the time of the 
blaze, 25 were killed and a further 54 injured. In 2010, EPS foam in exterior insulation 
panels ignition caused by welding in Shanghai, China, produced a horrific fire, claiming 
the lives lost of 58 and injuring more than 70 others [39]. An EPS foam accelerated fire 
in Roubaix, France, in May, 2012, leaving one dead, 10 injured and 94 homes 





1.3.2 Fire Retardation 
Currently, three processes are available for the manufacture of fire retardant EPS 
foam products, including copolymerization [40-42], pre-blending [43-45], and particle 
coating [46-49]. Although these methods can improve the fire retardancy of conventional 
EPS foams to some extent, no satisfactory products have been successfully made using 
current technologies. 
In the copolymerization method, the fire retardant agent is added into styrene 
monomer suspension as the second monomer or directly covalently bonded with styrene 
oligomers via chemical reaction during emulsion polymerization stage of unexpanded 
EPS beads preparation. This method enables the fire retardant agent to be distributed 
uniformly on the backbone of polymer chains, leading to the improvement of fire 
retardancy of end products.  Pre-blending method works in a similar way as the 
copolymerization method except that no chemical reactions occur to form covalent 
bonds between polystyrene and fire retardant agent. The fire retardant agent is simply 
physically distributed in the unexpanded EPS beads. In the particle coating method, a 
fire retardant coating is prepared and coated on the surface of unexpanded or pre-
expanded EPS beads to empower fire retardancy. The major issue of copolymerization 
method and pre-blending method is that the fire retardant agent used is typically the high 
efficient compound containing halogen or phosphorus, such as 
hexabromocyclododecane and 9,10-dihydro-9-oxa-10-phospha-phenanthrene-10-oxide, 
because only a small amount of fire retardant can be added. Otherwise, the following 
foaming process will be hindered. However, since these compounds can cause 
environment issues and damages to human body when ignited, their uses are now 
restricted by laws and regulations in some of the countries [50].  
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The particle coating method is used to coat fire retardant coating on the pre-
expanded EPS beads to impart the fire retardancy. A relatively large amount of fire 
retardant can be incorporated in the EPS-coating system. Therefore, some halogen-free 
inorganic fillers, including but not limited to aluminum hydroxide, magnesium hydroxide, 
clay and graphite, that typically need to reach a high filler loading (larger than 50% w/w) 
to impart fire retardancy, can be used in this method.  Several issues are limiting the 
further application of this method. First, the resultant mixture of pre-expanded beads and 
coating material typically has a considerably high viscosity. This leads to processing 
issues, such as high processing cost, large difficulty in uniformly dispersion of 
component, uneven coating on foamed EPS beads, and hindrance in post-foaming 
process. Second, the most widely used coating material matrix resins are mainly 
formaldehyde-based thermosetting polymers, including phenol-formaldehyde resin, 
urea-formaldehyde resin, and melamine-formaldehyde resin. It has been proven that 
formaldehyde is slowly released to the atmosphere from these resins [51, 52]. Many 
comprehensive studies have revealed that formaldehyde can result in long recognized 
irritation, induce nasal tumors in rodents, and increase the risk of certain cancers in 
human being [53, 54]. Third, the addition of large loading of inorganic fillers usually leads 
to a considerable decrease of mechanical strength and extensibility of the coating 
material [55]. This eventually results in a poor mechanical performance of prepared fire 
retardant EPS foam products. Therefore, fire-proof environment-friendly EPS foams that 
have good mechanical performance and can be produced in an economic industrial-







Figure 1.15 Micrograph of polyurethane foam blown by azodicarbonamide [56]. 
 
 
1.4 Modeling of Physically Foamed Plastics 
1.4.1 Physically Foamed Plastics 
Usually, the cellular structure in foamed plastics is generated by a blowing agent 
that is embedded in the polymer melt to form a gaseous phase. A great variety of 
blowing agents are currently available to produce foams with different morphologies and 
are generally categorized into two major types, chemical blowing agents (CBA) and 










For chemically foamed plastics, the foaming process occurs through the heat-
induced CBA decomposition that releases gas. Saiz-Arroyo and Rodríguez-Pérez 
prepared polyurethane foams with a chemical blowing agent of azodicarbonamide as 
shown in Figure 1.15 [56]. The physically foaming process is triggered by converting the 
PBA from liquid state to gas state, usually with sudden increase of system temperature 
or decrease of system pressure. Xi and Turng extruded foams made of poly(ethylene 
terephthalate) with a physical blowing agent of supercritical nitrogen [57]. The results are 





1.4.2 Previous Modeling Efforts 
Numerical modeling of the foaming process is crucial to understand the 
fundamental aspects of the process and can provide important quantitative references 
for a further process optimization. Many efforts have been made to numerically simulate 
the physically foaming process. Most of these models are focused on the PBA-
thermoplastics system triggered by a sudden decrease of system pressure.  
Early work can be dated back to 50’s and 60’s in the last century. A single bubble 
model was used as the basic model to investigate the physically foaming process [58-
61]. Most of these studies focused on the growth of a single bubble in an infinite sea of 
liquid [62-64]. The diffusion-induced bubble growth in viscous liquid with both mass and 
momentum conservations was analyzed. Later, Street [65] took the viscoelasticity of 
matrix liquid into consideration by incorporating a three-constant Oldroyd fluid model. A 
rigorous model with non-linear viscoelastic fluid model was formulated by Venerus [66]. 
In this work, the surface tension and inertial effects were studied. Many other 
researchers had also contributed to the development of the single bubble model [67-69]. 
The single bubble model has considerably improved the understanding of the bubble 
expansion in the foaming process. However, since a swarm of bubbles grow 






Figure 1.17 Scheme of bubble growth in IVA [70]. 
 
 
In order to simulate the bubble growth of a large amount of bubbles in close 
proximity to each other in a gas/polymer solution, the cell model was introduced by 
Amon and Denson [71]. It divided the gas/polymer solution into many spherical unit cells 
that contained equally limited amount of dissolved PBA. Arefmanesh and Advani [72] 
approximated the dissolved gas concentration gradient in the unit cell as a polynomial 
profile to simplify the calculation involved. Later, they extended this work by considering 
the viscoelastic property of polymer [73] and non-isothermal effects [74]. The effects of 
dissolved PBA content and gas loss to surrounding were studied by Ramesh [75] to 
simulate a more realistic situation.  
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In the physically foaming process, cell nucleation and cell growth are competing for 
the limited PBA dissolved in the polymer melt. An influence volume approach (IVA) was 
proposed by Shafi and Joshi [70, 76]  to simultaneously consider these two processes, 
as shown in Figure 1.17. The cell model was used to simulate the bubble growth 
process and the cell nucleation rate was quantitatively expressed by a classic 
heterogeneous nucleation theory. Since the IVA model was able to characterize the 
interaction between cell nucleation and growth in the foaming process, it can 
quantitatively simulate the experimental data. After the initial work, many researchers 
have extended or modified IVA model to simulate the foaming phenomena in different 
material systems [77-93]. 
 
1.5 Microwave Heating Technique 
Although different techniques may be used for volumetric heating, microwave 
heating stands out as an effective, fast and environmentally friendly method with low 
cost. When microwave is penetrating a bulk material, the electromagnetic energy is 
absorbed by the material and transformed to kinetic energy and potential energy of the 
molecules, thus heating the inner and outer parts of the material simultaneously and 
homogeneously [94].  
Compared with convective heating and conduction heating, microwave heating 
possesses several advantages including rapid volume heating, no overheating spot on 
surface, controllable heating rate and energy input, energy saving, and low operation 
cost [95-97]. Moreover, microwave heating features with a special self-limiting heating 
phenomenon that the materials are less susceptible to microwave heating once the 
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polymerization or crosslinking reaction occurs and thus the heating will automatically 




Figure 1.18 Stress-strain  relationship  in tension  of studied  resins: (a)  microwave  









Due to the appealing features mentioned above, microwave has been widely used 
to cure thermosetting materials [101-106]. Bai and Francois [99] compared the 
mechanical properties of the epoxy samples cured by microwave or thermal heating 
methods. As shown in Figure 1.18, it is found that the epoxy samples cured by 
microwave or thermal heating demonstrate very similar tensile behaviors. However, with 
the consideration that the time taken by microwave heating is much less than that by 
thermal heating, it can conclude that the microwave curing method outweighs the 
conventional thermal curing. Boey and Chia [100] studied the influence of microwave 
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power over the curing behaviors of epoxy resins. It is observed that, with an increase of 
microwave power input, the initial curing rate and the required time for 100% cured 
increased significantly, as presented in Figure 1.20. However, one should notice that 
when a too high microwave power is chosen, the curing process is less controlled, 
resulting in the generation of burnt marks.   
 
1.6 Challenges and Motivations 
Little progress has yet been made to effectively process EPS-contained syntactic 
foam. Currently, three processing techniques with limited capabilities are available to 
make syntactic foam containing expanded EPS microspheres.  
The first technique is to directly blend expanded EPS microspheres with matrix 
resin [36]. However, since the expanded EPS microspheres have much lower density 
than the resin, it is difficult to achieve homogeneous mixing at high EPS loading. The 
problem exacerbates due to the high viscosity of the resin, and the expanded EPS can 
be easily deformed or even shredded by high shear forces in the mixing stage.  
In the second technique, the EPS microspheres are expanded inside the matrix 
using the heat generated during the curing process [32]. Although it can lessen the 
mixing difficulty in the first technique, this process can only be applied to a very limited 
number of thermosetting resins that are specially formulated for this purpose with small 
EPS loading.  
The last technique, which is also considered the most promising one, is to use 
thermal energy to expand the EPS microspheres in the mixture of unexpanded EPS and 
uncured resin. Existing efforts [33, 34, 107], however, have been limited to the use of 
30 
 
convection and conduction for heat transfer. The major issue with these thermal 
processes is that the temperature inside the foaming material is not uniform and the 
desired thermal history for foaming and curing is difficult to obtain. In the resulting 
material, the extent of foaming is typically low and the foamed microspheres are largely 
non-uniform.   
Besides the difficulties in processing of EPS-filled syntactic foams, fundamental 
understandings in the expansion of EPS microsphere which plays a vital role to optimize 
the existing processes are still missing. Although many modeling efforts have been 
made, to simulate the foaming process with physical blowing agent, they are almost 
exclusively focusing on the systems foamed by sudden reducing the system pressure. 
These models cannot be directly employed to simulate the foaming process of EPS 
microsphere because the EPS expansion process is triggered by a sudden increase of 
system temperature. Moreover, usually the models mentioned in 1.4.2 do not take the 
geometry of foaming plastics into consideration since the foaming process occurs in 
extrusion or injection molding machine and the bubble size is far smaller than that of the 
machine chamber. However, the geometry of EPS microsphere must be considered 
when EPS expansion process is simulated because the shape and size of foamed EPS 
directly impact the morphology and property of resulting syntactic foams. Therefore, a 
model that is specially formulated for the EPS expansion is still awaited to enhance the 
fundamental understandings of this foaming process. 
To address the emerging issues mentioned above, in this thesis work, a novel 
microwave expansion process was developed to produce thermoset-matrix syntactic 
foam containing expandable thermoplastic microspheres. This process was designed to 
have unexpanded ETP microspheres directly foamed in uncured thermoset matrix via 
microwave heating. This design demonstrated the capability to considerably decrease 
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the processing difficulty and effectively expand ETP of high loadings, fulfilling the 
requirement of industrial-scale production of syntactic foam filled with foamed polymeric 
microspheres. 
The microwave expansion process was first validated by producing epoxy-based 
syntactic foam with expandable polystyrene (EPS) microspheres. The engineering 
aspect of this study focused on the development and optimization of the process, the 
establishment of process-structure-property relation, and the extension of the process 
application to broader areas. Moreover, in an effort to address the fundamental aspect, 
the expansion process of EPS microsphere was modeled based on continuum 
mechanics. The modeling work can considerably contribute to the understanding in the 
basics of EPS expansion process, providing important references for the simulation and 





MICROWAVE PROCESSING OF SYNTACTIC FOAM FROM AN 





As demonstrated in Chapter 1, while hollow glass microspheres are commonly 
used as the microballoons in syntactic foam, their abrasive and brittle properties usually 
result in poor processability and have adverse effects on the foam performance, 
especially when a brittle binder such as epoxy is employed [28]. Polymeric 
microballoons or foamed microspheres, in contrast, are less brittle and elastically 
deformable. When added in the matrix, they can enhance the processability, improve the 
compatibility between the microspheres and the matrix, and toughen the syntactic foam 
[14]. Among known foamable microspheres, expandable polystyrene (EPS) is a 
promising choice, but its application in syntactic foam has not been well explored. 
EPS is the raw material used for molding foamed polystyrene products that are 
usually used as buffering or thermal insulation materials in construction and packaging. 
It is manufactured in the form of small polystyrene microspheres containing physical 
blowing agents, usually pentane or butane [29]. The solid microspheres can be 
expanded into foams with a closed-cell cellular structure when exposed to elevated 
temperature [30].  
However, little progress has yet been made to effectively process EPS-contained 
syntactic foam. Currently, three processing techniques with limited capabilities are 
available to make syntactic foam containing expanded EPS microspheres. The first 
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technique is to directly blend expanded EPS microspheres with resin [36]. However, 
since the expanded EPS microspheres have much lower density than the resin, it is 
difficult to achieve homogeneous mixing at high EPS loading. The problem exacerbates 
due to the high viscosity of the resin, and the expanded EPS can be easily deformed or 
even shredded by high shear forces generated during mixing. In the second technique, 
the EPS microspheres are expanded inside the matrix using the heat generated during 
the curing process [32]. Although it can lessen the mixing difficulty in the first technique, 
this process can only be applied to a limited number of thermosetting resins that are 
specially formulated for this purpose with low EPS loading. The last technique, which is 
also considered the most promising one, is to use thermal energy to expand the EPS 
microspheres in the mixture of unexpanded EPS and uncured resin. Existing efforts [33, 
34, 107], however, have been limited to the use of convection and conduction for heat 
transfer. The major issue with these thermal processes is that the temperature inside the 
foaming material is not uniform and the desired thermal history for foaming and curing is 
difficult to obtain. In the resulting material, the extent of foaming is typically low and the 
foamed microspheres are largely non-uniform.   
One effective method for increasing the heating uniformity in the EPS/resin 
foaming material is to apply volumetric heating. In this case, the heat is directly 
generated inside the foaming material, and non-uniform thermal effects from conduction 
and convention are minimized. Although different techniques may be used for volumetric 
heating, microwave heating stands out for the current application. When microwave is 
penetrating a bulk material, the electromagnetic energy is absorbed uniformly by the 
molecules in the material, thus heating the inner and outer parts of the material 
simultaneously [94]. Compared with convection heating and conduction heating, 
microwave heating has several advantages including rapid volume heating, no 
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overheating spot on surface, controllable heating rate and energy input, energy saving, 
and low operation cost [95-97]. Moreover, microwave heating features with a special 
self-limiting heating phenomenon that the materials are less susceptible to microwave 
heating once the polymerization or crosslinking reaction occurs, and thus the heating will 
automatically focus on the unreacted part [101]. 
In Chapter 2, a microwave expansion process is designed and developed to 
produce syntactic foam from an expandable thermoset/thermoplastic material. 
Expandable polystyrene microspheres and epoxy resin were chosen as a model material 
system for feasibility study and demonstration. The new foaming technique can process 
syntactic foam with high EPS loading and effectively expanded microspheres. A feasible 
process window for foaming was proposed and evaluated. Optimized process conditions 
were then determined. Flexural properties and toughening effects of the EPS/epoxy 
syntactic foam were subsequently studied. Finally, an effort was made to apply the 
microwave expansion process to mold syntactic foamed parts of relatively sophisticated 
geometry. 
 
2.2 Conceptual Process Design 
In microwave processing of syntactic foam from an expandable 
thermoset/thermoplastic mixture, the major control parameters are microwave input 
power, pre-cured epoxy viscosity, and microwave heating time. Since these three 
parameters (power, viscosity, and time) are generally independent with each other, the 
feasible process window determined by them is expected to be a hexahedron in 3D 
Cartesian coordinates, shown in Figure 2.1 (A). For illustration purposes, the boundaries 
of the process window are drawn as flat surfaces. However, in actual cases, the 
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Figure 2.1 Feasible process window for microwave processing of syntactic foam from an 
expandable thermoset/thermoplastic mixture: (A) viscosity, time, and power as primarily 
controlling parameters and (B) viscosity and time as primarily controlling parameters 
when power is fixed. 
 
 
The microwave input power is controlled by the microwave generating device 
employed in the process. The minimum power can be approximated by the ratio of the 
required energy for effectively expanding the thermoplastic microspheres over the pot 
life of the resin. The pot life here is used to estimate the longest curing time. To refine 
the minimum power, one may also consider the microwave absorptivity in the estimation.  
The maximum microwave input power can be determined by the factors related with the 
device and manufacturing process. For industrial-scale microwave ovens, the highest 
power can reach several hundreds of kilo-watts [94]. However, in most cases, an 
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extremely high input power is generally not preferred since it increases the difficulty in 
process control and the risk to generate defects in products.   
In order to help illustrate the other two parameters, a 2D scheme is drawn in Figure 
2.1 (B). The shadowed rectangles on the Cartesian plane represent the projections of 
cross-sections of the 3D process window in the direction of the power axis in Figure 2.1 
(A). From P1 to P3, the power input increases. The viscosity in the vertical axis refers to 
the pre-cured resin viscosity while the time in the horizontal axis refers to the microwave 
heating time. 
In the new syntactic foaming process, a pre-curing stage is needed for two reasons. 
First, with the expansion during microwave heating, the density of the microspheres 
decreases dramatically and thus the buoyancy will drag the foamed microspheres 
toward the upper surface of the mold, resulting in inhomogeneous distribution of 
microspheres. Pre-curing helps increase the viscosity and prevent separation due to 
buoyancy. Second, especially for the EPS and epoxy model system used in this study, a 
pre-cured resin is needed to prevent the dissolution of the microspheres in the resin 
during heating by partially cross-linking the resin. A relatively stable pre-cured resin can 
be prepared using a two-stage hardener addition method. To do so, one divides the 
required amount of hardener into two parts. The first part is mixed with the base resin 
first and cured for a prolonged time to reach desired viscosity. The second part is then 
added and mixed to form the pre-cured resin mixture. Due to the partial cross-linking of 
this resin mixture, the dissolution of the microspheres can be largely suppressed. Details 
on this approach will be further discussed in the Results and Discussion section.  
From the above discussion, it is seen that the lower bound of the pre-cured resin 
viscosity should be set to suppress the buoyancy and inhibit the dissolution of the 
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microspheres. On the other hand, when the pre-cured resin viscosity is too high, it will be 
extremely difficult to remove the air pockets that are introduced during mixing and 
trapped in the resin. Therefore, a maximum viscosity should exist to prevent this problem 
happening. 
With fixed microwave input power, the microwave heating time is proportional to 
the microwave energy input. The minimum heating time or energy input can be 
estimated based on the energy needed to effectively expand the expandable 
thermoplastic microspheres. With the consideration of microwave energy absorption 
efficiency, the energy used in actual cases should be considerably larger than the 
minimum value. The maximum microwave heating time or input energy is determined by 
the resin decomposition activation energy at which the material begins to decompose. 
Since heat loss exists in practical manufacture, a compensation factor, usually 
measured by experiments, should be multiplied with the decomposition activation energy 
to obtain the maximum heating energy. Dividing this maximum energy by the fixed 
power yields the maximum heating time for successful foaming.  
It should be noticed from Figure 2.1 (B) that as the microwave input power 
increases from P1 to P3, the process window in the 2D Cartesian plane shrinkages and 
moves toward the left side. This can be explained as follows. In the viscosity axis, the 
maximum resin viscosity at higher microwave power is supposed to be lowered. This is 
because the difficulty for air bubbles to escape from the mixture increases as the resin 
curing process is accelerated. For the minimum viscosity, a higher value is resulted due 
to the increased expanding rate of microspheres.  In the time axis, the process window 
shifts to the left side with the increase of microwave power because the heating time to 






Figure 2.2 Feasible process window for microwave processing of syntactic foam from an 




In this study, the microwave power was fixed at 100W to have a controllable 
expansion process. Since the microwave heating time is proportional to the microwave 
energy input at fixed microwave power, the specific microwave energy and pre-cured 
epoxy viscosity were set to be the two governing parameters for the process window 
(Figure 2.2). For easy understanding, the process boundaries are referred to as air 
pockets trapping limit, EPS homogeneous distribution limit, epoxy decomposition limit, 
and EPS expansion limit, respectively. With the variation of the composition of EPS-
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epoxy syntactic foam, the corresponding values of these limits are different. Details on 
the determination of these limits via experiments and estimations will be further 




Araldite®LY 8601 (base resin) / Aradur® 8602 (hardener), obtained from Huntsman 
Advanced Materials Americas LLC (Woodlands, TX), was chosen as the model epoxy 
system in this study. This low-viscosity, two-component system is widely used in vacuum 
infusion processes for advanced composites manufacturing. The base resin contains 
diglycidyl ether of bisphenol-A (DGEBA) as the major component with monofunctional 
epoxy compounds as diluents. The hardener consisted of aliphatic amines as resin 
curatives and substituted imidazole as an accelerator. The recommended mixing ratio of 
hardener to base is 1 to 4 by weight. Cup grade unexpanded EPS microspheres 
DYLITE® F271T were obtained from Nova Chemicals Corporation (Moon Township, PA). 
The unexpanded EPS contains 5.3-5.9% by weight of pentane as a blowing agent. The 







Figure 2.3 Experimental setup for microwave expanding of epoxy-EPS syntactic foam: 
(A) mixing epoxy base and the first-part hardener, (B) pre-curing, (C) mixing 
unexpanded EPS microspheres, the second-part hardener, and the pre-cured epoxy, (D) 




2.3.2 Syntactic Foam Processing 
The experimental setup for microwave expansion of EPS/epoxy syntactic foam is 
shown in Figure 2.3. The two-stage hardener addition method was employed to prevent 
the dissolution and inhomogeneous distribution of EPS microspheres. In this method, 
the hardener is split into two parts and added separately during the preparation of the 
feed material. The base resin was firstly mixed with the first-part hardener with a 
hardener to base resin ratio of 1 to 15 by weight. The mixture was then pre-cured at 
60C for 24 hr to achieve the desired viscosity. The feed material was subsequently 
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made by blending the pre-cured resin mixture, unexpanded EPS microspheres, and the 
second-part hardener. After being de-gassed under vacuum, the feed was placed inside 
a polypropylene mold and transferred into a 950W 2.45GHz Magic Chef MCD795SW 
microwave oven (MC Appliance Corporation, Wood Dale, IL). The specific energy input 
was optimized and found to be 30% to 50% of the epoxy decomposition limit. Under 
these processing conditions, the feed material was adequately foamed and cured in 
several minutes, and the foamed sample gained sufficient rigidity for demolding. Post 
curing can be conducted either inside or outside the mold. In this work, all samples were 
post-cured outside the mold at 60C for 24hr.  
 
2.3.3 Characterization 
Rheological properties of pre-cured epoxy (before addition of the second-part 
hardener) were characterized on a controlled-stress parallel-plate rheometer with 25mm 
diameter steel plates (model: AR2000EX, TA Instruments, New Castle, DE). The steady 
peak hold mode with a steady shear rate of 1s-1 was employed to study the curing 
kinetics. The steady-state flow mode was employed to determine the viscosity as a 
function of steady shear rate and degree of pre-curing. 
Thermal properties of EPS and epoxy were evaluated by differential scanning 
calorimetry (DSC, model Q2000, TA Instruments, New Castle, DE). The expansion 
temperature of EPS was determined by a temperature ramp at a heating rate of 
10C/min. The expansion energy of EPS and curing energy of pre-cured or uncured 
epoxy were determined using an isothermal process at 100C. 
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Optical microscopy images were captured by an Olympus BX51 optical microscope 
installed with an Olympus UC30 digital camera (Olympus Corporation of the Americas, 
Center Valley, PA) under the reflective mode. The syntactic foam surfaces were polished 
with sandpapers before the observation. An image analysis software (Olympus Stream 
Image Analysis) was used to measure the size of EPS microspheres from optical 
microscopy images. All other optical images were captured by a Canon EOS Kiss X5 
Digital SLR camera (Canon U.S.A. Company, Melville, NY). 
Flexural mechanical properties of syntactic foams were measured by a DDL 650M 
mechanical testing machine (TestResources, Inc, Shakopee, MN) with a 4500N load 
crosshead. Testing samples were molded and machined into a dimension of 12mm 
(width)  60mm (length)  6mm (depth) for edgewise placement. The support span 
length was set to be 38mm. A 10mm/min crosshead speed was adopted for the test. 
 
2.4 Results and Discussion 
In this section, estimation of process window boundary limits of the microwave 
expansion process is firstly demonstrated. The relation between density and composition 
of syntactic foam is then illustrated. The results from flexural mechanical tests are 
subsequently presented and analyzed to explore some appealing features of the foams 
serving as lightweight structural materials. Finally, a molded foam part with relatively 
sophisticated geometry is shown to demonstrate the capability of the microwave 





2.4.1 Estimation of Process Window Limits 
Rheological properties of 1:15 epoxy were measured to assist in determination of 
the EPS homogeneous distribution limit and the air pockets trapping limit. The 1:15 
epoxy represents the mixture of base resin and hardener with a weight ratio of 1 to 15. 
This ratio was chosen because it had a slow viscosity increase in a sufficiently long pre-
curing period. The rheological data are provided in Figure 2.4. Figure 2.4 (A) shows the 
curing kinetics at 60C under a steady shear rate of 1s-1. The viscosity had a gradual 
and slow increase for the initial 30hrs and experienced a sudden rise afterwards. 
Compared with direct curing of the conventional 1:4 epoxy, the two-stage hardener 
addition method provides better controllability over the pre-curing process. The inset 
graph in Figure 2.4 (A) shows the viscosity of the 1:15 epoxy can be continuously varied 
within a long time period from 6hr to 38hr. Therefore the desired viscosity for EPS 
foaming can be readily obtained. It was found that if the pre-curing stage lasts shorted 
than 8hr, the foamed EPS microspheres tend to move toward the upper surface of the 
mold during microwave expansion. On the other hand, if the pre-curing time is longer 
than 36hr, air pockets can be easily trapped during mixing of the feed material. 
Therefore, the viscosity limits for homogeneous EPS distribution and for air pockets 
trapping were determined to be 2.23 Pas and 18.75 Pas, respectively. These are the 
corresponding viscosities after pre-curing for 8 hr and 36 hr.  
Figure 2.4 (B) shows viscosity as a function of shear rate for 1:15 epoxy samples 
undergoing different pre-curing time at 60C. Three different pre-curing times were 
employed. At the pre-curing temperature of 60C, the 1:15 epoxy samples pre-cured for 
8hr, 24hr, and 36hr show constant viscosities within the examined shear rate range, 
indicating that the viscosity is not a function of shear rate within this range. The 
viscosities are also low, especially for the 8hr and 24hr samples. This low and constant 
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viscosity is considered an appealing feature to enhance the processability of pre-cured 




Figure 2.4 Rheological characterization of 1:15 epoxy: (A) curing kinetics at 60C (inset 
graph: curing kinetics at 60C from 6hr to 38hr) and (B) viscosity as a function of steady 
shear rate for samples undergoing different pre-curing time at 60C. 
 
 
Thermal properties of EPS and epoxy were characterized using DSC. The DSC 
thermograms are shown in Figure 2.5. The data were used to aid in the estimation of the 
EPS expansion limit and the epoxy decomposition limit. The heat flow of unexpanded 
EPS in a temperature ramp from 20C to 150C with a heating rate of 10C/min is shown 
in Figure 2.5 (A). Two endothermic peaks were found. The first peak appearing at 
64.04C is related to the gasification of blowing agent. The second peak is at 99.34C 
that is very close to the known glass transition temperature (Tg) of polystyrene. It is 
known that the unexpanded EPS should be heated above Tg for effective expansion.  
Therefore, 100C was set to be a testing temperature for isothermal expansion of EPS. 
The specific heat absorbed during EPS expansion is found to be 309.4kJ/kg, as 
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indicated in Figure 2.5 (B). For comparison purposes, isothermal curing of epoxy was 
also conducted using DSC. The specific heat released for achieving full curing is 5334.2 
kJ/kg for the 1:4 epoxy (Figure 2.5(C)). The value reduces to 3211.2kJ/kg for the 24hr 
pre-cured 1:15 epoxy mixed with the second-part hardener (Figure 2.5 (C)). The 
difference arises from the different degrees of curing of the two samples at the start of 
the experiment.  
The following additive rule is used to estimate the EPS expansion limit     : 
          (                      )  (      )(          )     (2.1) 
where      is weight fraction of EPS,               is specific energy needed to 
expanded EPS (309.4kJ/kg),        is heat capacity of EPS (1.3kJ/kgC),          is heat 
capacity of epoxy (1.23kJ/kgC), and    is temperature difference between EPS 
expansion temperature and room temperature. The heat capacity data are from 
reference [18]. 
To estimate the epoxy decomposition limit     , the following equation is employed: 
         (      )                 (2.2) 
where    is a factor for heat transfer efficiency (fixed at 5 for estimation [108]), and 
        is the epoxy decomposition activation energy (1.56×10
3kJ/kg for DGEBPA/ 







Figure 2.5 Thermal analysis of EPS and 1:15 epoxy: (A) heat flow of EPS in temperature 
ramping and (B) heat flow of EPS in isothermal dwell (100C), and (C) heat flow of 
epoxy in isothermal dwell (100C) (exothermic direction points upward). 
 
 
A summary of the estimated EPS expansion limit and epoxy decomposition limit for 
EPS/epoxy syntactic foams with varying EPS weight fractions are given in Table 2.1. 
Morphologies of EPS/epoxy syntactic foams processed within/beyond the process 
window are shown in Figure 2.6. All the samples contained 5% (w/w) EPS. The foam 
prepared under optimized condition is presented in Figure 2.6 (A). The expanded EPS 
microspheres were effectively foamed and homogeneously distributed, and no burning 
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marks were observed. Figure 2.6 (B) shows the sample made via directly mixing 
unexpanded EPS microspheres and the 1:4 epoxy without a pre-curing stage. EPS 
microspheres were dissolved in the resin, resulting in a transparent and gel-like solid. 
The sample shown in Figure 2.6 (C) was prepared using the 1:15 epoxy with insufficient 
pre-curing time. Due to the low feed viscosity, the buoyancy dragged foaming EPS to the 
upper surface of the mold, leaving an inhomogeneous distribution of microspheres. In 
Figure 2.6 (D), the syntactic foam was expanded using a specific microwave energy that 
is considerably higher than the epoxy decomposition limit. Obvious burning marks can 
be observed on the external surface and internal body of the sample, indicating that 
decomposition occurred. In contrast, Figure 2.6 (E) shows a sample obtained using 
insufficient microwave energy. In this case, no expansion was found for the EPS. 
Additionally, Figure 2.6 (F) shows a sample from an over pre-cured 1:15 epoxy resin. 
One can observe a large number of air pockets trapped inside the sample. This again 
can be attributed to the undesirably large viscosity. 
 
 
Table 2.1 Summary of estimated EPS expansion limit and epoxy decomposition limit for 
EPS-epoxy syntactic foams with varying EPS weight fractions. 
Sample 
EPS Expansion Limit 
(kJ/g) 
Epoxy Decomposition Limit 
 (kJ/g) 
5%  (w/w) EPS-Epoxy 0.11 7.52 
15% (w/w) EPS-Epoxy 0.14 6.77 





Figure 2.6 Optical images of 5% (w/w) EPS-epoxy syntactic foams processed under 
different conditions: (A) using the optimized condition (B) directly mixing unexpanded 
EPS microspheres with the 1:4 epoxy without pre-curing, (C) using the 4hr pre-cured 
1:15 epoxy, (D) using a specific microwave energy input of 12kJ/g, (E) using a specific 




2.4.2 Syntactic Foam Density and EPS Volume Fraction 
The microwave expansion process has a capability to effectively expand EPS 
microspheres in the syntactic foam with high EPS loading. In this study, the highest 
loading of EPS that was attempted is 45% by weight. Although the loading can be further 
increased, the viscosity of the foaming feed becomes considerably high, requiring a 
heavy-duty industrial blender to achieve good mixing. Since density is one of the most 
important characteristics of syntactic foam, the relation between density and EPS 




Figure 2.7 Optical microscopy images of EPS-epoxy syntactic foam with EPS weight 
fraction of (A) 5%, (B) 25%, (C) 35%, and (D) 45%. 
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Figure 2.7 shows the morphologies of EPS/epoxy syntactic foams with varying 
EPS loadings. The microscopy image of cross-section of the foam containing 5% (w/w) 
EPS is presented in Figure 2.7 (A). Foamed EPS microspheres are isolated from each 
other in the epoxy matrix. The distance between individual microspheres decreases as 
the EPS loading increases to 25% (Figure 2.7 (B)). Some microspheres began to 
contact with each other. When the loading of EPS further increases to 35%, some 
microspheres are distorted into polyhedron shapes (Figure 2.7(C)) due to the 
compression generated from expansion of neighboring microspheres. This usually 
happens in syntactic foams with deformable polymer microspheres when the volume 
fraction of microspheres reaches a critical value [110]. In the syntactic foam with 45% 
(w/w) EPS loading, almost all EPS microspheres contact with each other and develop 
into polyhedron-shaped morphologies.  
 
 
Table 2.2 Sizes and densities of unexpanded EPS and expanded EPS.  
 Unexpanded EPS Expanded EPS 
Diameter (  ) 388.617.8 681.212.2 
Normalized Diameter 1.00 1.75 
Density (g/cm3) 0.9800.038 0.1820.011 
 
Note: The normalized diameter is calculated by dividing the diameter of corresponding 
EPS with that of unexpanded one. 
 
 
Table 2.2 summarizes the diameters and densities of unexpanded EPS and 
expanded EPS. The size of unexpanded EPS is 388.617.8m. After microwave 
expansion inside the epoxy matrix, the size was enlarged to 681.212.2m, 1.75 times 
larger than the original one. More effective expansion of EPS is achieved in the 
microwave expansion process as compared with the conventional thermal foaming 
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To calculate the EPS volume fraction as a function of EPS loading, one can 
employ the following equation: 
      
            
                   
  (2.3) 
where     is EPS volume fraction,        is neat epoxy density,       is EPS/epoxy 
syntactic foam density, and               is density of EPS expanded in epoxy. 
The relation between syntactic foam density and EPS volume fraction is shown in 
Figure 2.8 and summarized in Table 2.3. As expected, the foam density keeps 
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decreasing and the expanded EPS volume fraction keeps increasing as the EPS loading 
increases from 0% to 45%. At 45% EPS loading, the syntactic foam can have a low 
density of 30824kg/m3 and a high EPS volume fraction of 86.4%3.1%. It should also 
be noticed that the densities of syntactic foams with 4% or more EPS are lower than the 
density of water (approximately 1g/cm3), showing a potential in marine applications.  
 
 



















1.1060.004 0.9340.007 0.6580.013 0.4850.013 0.3940.014 0.3080.024 
Normalized 
Density 
1.00 0.84 0.59 0.44 0.36 0.28 
EPS Volume 
Fraction 
0.0%0.0% 18.6%0.2% 48.5%1.0% 67.2%1.5% 77.1%1.9% 86.4%3.1% 
 
Note: The normalized density is calculated by dividing the density of 
corresponding syntactic foam with that of neat epoxy. 
 
 
2.4.3 Syntactic Foam Mechanical Property 
Besides density, mechanical properties, especially specific flexural property, 
represent another vital factor that considerably influences the performance of syntactic 
foam serving as lightweight structural materials. 
The flexural strength    and flexural modulus   can be calculated from a 3-point 
bend test using the following two equations according to ASTM D790-10: 
    
    
    
     (2.4) 
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     (2.5) 
where    is maximum load,   is support span length,   is width of the beam,   is depth 




Figure 2.9 Flexural properties of EPS-epoxy syntactic foam as a function of EPS weight 
fraction: (A) flexural modulus and strength, (B) specific flexural modulus and strength, (C) 
flexural modulus over density squared, and (D) flexural modulus over density cubed. 
 
The results of flexural strength and modulus as a function of EPS loadings are 
shown in Figure 2.9 (A) and summarized in Table 2.4. The flexural strength and modulus 
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of syntactic foam decrease as the EPS loading increases. This is understandable 
because the mechanical strength of foamed EPS is expected to be lower than that of 
neat epoxy. However, for syntactic foam the most important properties are specific 
properties rather than absolute properties since such foams are usually used in 
lightweight structural applications. The specific flexural properties are calculated by 
dividing the measured values by density. The results after this conversion are shown in 
Figure 2.9 (B) and summarized in Table 2.5. The specific flexural strength of syntactic 
foam retains about 60% of that of neat epoxy. In contrast, the specific flexural modulus is 
closer to that of the neat epoxy; at 25% EPS loading, the foam has specific modulus 
comparable to that of the neat epoxy. 
 
 












97.01.1 52.61.5 34.40.4 24.70.7 
Normalized  
Flexural Strength 
1.00 0.54 0.35 0.25 
Flexural  
Modulus (MPa) 
1254.3114.3 766.492.1 682.349.5 554.422.8 
Normalized  
Flexural Modulus 
1.00 0.61 0.54 0.44 
 
 
For syntactic foams used as structural beams, the flexural modulus over density 
squared or cubed is also highly influential. If the weight is fixed, the beam performance 
can be optimized by maximizing the flexural modulus according to the beam geometry 
[14]. The normalized moduli are plotted in Figure 2.9 (C) and (D) and summarized in 
Table 2.5. Except at 5% EPS loading, syntactic foams with 15% and 25% EPS loadings 
both have much larger flexural moduli over density squared or cubed than those of neat 
epoxy. Especially at 25% EPS loading, the flexural modulus over density squared or 
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cubed is 2.29 times or 4.71 times larger than the corresponding one of neat epoxy, 





Figure 2.10 Optical images of samples penetrated by a steel nail with a diameter of 2mm: 







Table 2.5 Summary of specific flexural properties of neat epoxy and EPS-epoxy 











Flexural Strength  
(103m2s-2) 




















1.00 0.86 1.53 2.29 
Flexural Modulus 
over Density Cubed 
(10-3m8kg-2s-2) 








Furthermore, the toughening effect of expanded EPS microspheres was also 
observed in a nail penetration test. A steel nail with a diameter of 2mm was hammered 
into neat epoxy and syntactic foam bars. Results are presented in Figure 2.10. The neat 
epoxy sample is immediately shattered into three pieces. The 5% (w/w) EPS-epoxy 
foam has clean crack propagating through the body, breaking the sample into halves.  
For the syntactic foams with 15% and 25% EPS loadings, no cracks are found in the 
samples and the bodies still remains integrated. A possible EPS toughening mechanism 
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was proposed by Kim and Kim [34, 35]. They explained that the cracks are stopped by 




Figure 2.11 EPS-epoxy syntactic foamed letter “E” part molded via microwave 
expanding process: (A) cross-section of upper arm, (B) magnified image of upper 
curving section, and (C) cross-section of lower curving section. 
 
 
2.4.4 Microwave Expansion Molding  
 The microwave expansion process was adapted to molding a foamed part with a 
relatively complex shape. Specifically, a letter “E” shaped part with 15% EPS loading 
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was molded, as shown in Figure 2.11. A dosed amount of feed material was placed 
inside the mold, and after mold closure microwave energy was applied. It was found that 
the syntactic foamed part can duplicate well the internal contour of the mold. Moreover, 
the surfaces of the molded part are smooth. This indicates an effective holding stage 
during molding. It is reasonable to deduce that the positive pressure generated from the 
expansion of EPS microspheres works as the main driving force in such a molding 
process. Magnified images of cross-sections of the part are shown in Figure 2.11 (A) 
and (C). One can observe the homogeneous distribution of foamed EPS. Figure 2.11 (B) 
presents the magnified image of upper curving section. The transition between straight 
line and curvature line is continuous, and the surface is very smooth. 
 
2.5 Conclusions 
A novel microwave expansion process was designed and developed to produce 
thermoset-matrix syntactic foam containing expandable thermoplastic microspheres. 
Expandable polystyrene microsphere and epoxy resin were chosen as the model 
material system for feasibility study and demonstration. The microwave power was fixed 
to be 100W to ensure a controlled process. A two-stage hardener addition method was 
employed to prevent the dissolution and inhomogeneous distribution of EPS 
microspheres. The specific microwave energy and the pre-cured epoxy viscosity at room 
temperature are found to be the two governing parameters in the process. The proposed 
process window is delimited by four limits: EPS homogeneous distribution limit, air 
pockets trapping limit, EPS expansion limit, and epoxy decomposition limit. The values 
of these limits were obtained from rheological measurements and thermal analyses.  
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The experimental results demonstrated that the microwave expansion process is 
able to effectively expand EPS microspheres in EPS/epoxy syntactic foam even with 
high EPS loading. Mechanical tests showed that the specific flexural strength and 
modulus of syntactic foam are comparable with those of neat epoxy. By comparison, the 
flexural moduli over density squared or cubed of the foam are much higher, especially at 
high EPS loadings, than those of neat epoxy. The foamed EPS microspheres can also 
effectively toughen the syntactic foam, preventing propagation of cracks. Finally, the 
microwave expansion process is also capable of molding syntactic foamed parts of 










As introduced in Chapter 1, EPS is the raw material used for molding foamed 
polystyrene products. Polystyrene or EPS foam parts are then made by thermally 
molding these expanded particles into various geometries. Such EPS foam is lightweight 
and possesses excellent buffering, water proof, heat retention and thermal insulation 
properties [29]. Because of these appealing features, it has been extensively employed 
in construction, package, marine, and automobile [33, 34, 36, 107].  
Although some properties of EPS foam can be altered by changing the cellular 
structure [111], it is difficult to improve the performances in other aspects since the foam 
is made of one single component. This greatly restricts applications of EPS foam in 
many fields. Among them, poor fire retardation is one of the major issues [1].  
EPS foam is a notorious fire hazard in buildings [112]. It can be easily ignited with 
a limiting oxygen index of only 18 [30]. During combustion of the foam, toxic black 
smoke will be generated with burning dripping material that can flow and ignite other 
combustibles. Moreover, disastrous collapse of the foam structure can further occur in 
fire, hindering firefighting and rescuing actions [38]. Previous efforts in improving the fire-
retardation properties of EPS foam have almost exclusively focus on incorporating fire-
retardant ingredients into unexpanded EPS microspheres via copolymerizing or blending 
methods [112, 113]. However, in order to retain the foamability of EPS microspheres, 
only a small amount of fire-retardant material can be practically added in these methods, 
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resulting in unsatisfactory fire-resistant performance. For a similar reason, most 
environmentally friendly fire retardants such as aluminum hydroxide and magnesium 
hydroxide cannot be used as effective additives in EPS microspheres since high loading 
is needed [114]. On the other hand, halogenated based fire-retardant materials are 
extensively used due to their high fire-retardation enhancement capability, but they are 
environmentally unfriendly and toxic to the human body [50]. Their uses are now 
restricted by laws and regulations in some countries [55].  
In the work presented in Chapter 2, a microwave expansion process was 
developed to produce EPS-filled syntactic foam [115]. In this process, unexpanded EPS 
microspheres were directly foamed in uncured thermoset matrix using a microwave 
heating method. This design enables the microwave expansion process to effectively 
expand EPS of high loadings. Based on this feature, one can deduce that if the EPS 
loading is extremely high, the matrix will form a thin barrier layer that wraps each foamed 
microsphere, resulting in a honeycomb-like structure. This will provide an alternative 
solution to improve properties of EPS foam. When the matrix material is replaced by a 
specially formulated fire-retardant compound, the unique honeycomb-like structure in the 
composite foam is able to serve as a barrier to stop the fire. Moreover, a large amount of 
those environmentally friendly inorganic fire retardants can now be incorporated into the 
foam because the composition of the barrier layer has limited influence over the 
foamability of unexpanded EPS microspheres.   
Based on this idea, in Chapter 3, an expandable suspension process is designed 
and developed to produce EPS composite foam with a honeycomb-like barrier structure. 
An attempt to explore the influence of such a unique structure on the mechanical and 
fire-retardant properties of the resulting foam was made. In the following sections, the 
process setup and procedure was first described. The formulation and rheological 
behavior of the expandable suspension were then discussed. Next, the morphology of 
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the composite foam was correlated with the suspension viscosity. The physical and 
mechanical properties were subsequently presented and analyzed. Finally, the fire-
retardant characteristics of the composite foam, including flame resistance, local burning 










Unexpanded EPS microspheres with an average diameter of 965.627.3m were 
acquired from IASCO-Industrial Arts Supply Company (Minneapolis, MN). The 
unexpanded EPS contains approximately 5% by weight of pentane as blowing agent. A 
phenolic resin system, Cellobond® J2027L (base liquid) and Phencat® 382 (catalyst), 
was generously provided by Momentive Specialty Chemicals Inc. (Forest Park, GA). The 
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ratio by weight between the base liquid and the catalyst is 19:1. Aluminum hydroxide 
(particle size:10-50µm), boric acid (particle size: 10-35µm) and sodium dodecyl sulfate 
were obtained from Sigma-Aldrich Corporation (St. Louis, MO) and used as received. 
BYK-P® 104S was generously provided by BYK Additives Inc. (Louisville, KY). Milled 
glass fibers, 1/32" long, were obtained from Fiber Glast Developments Corporation 
(Brookville, OH). Cyclohexane was from Alfa Aesar (Ward Hill, MA). 
 
3.2.2 Foam Processing 
The experimental setup and procedure for the expandable suspension process to 
produce composite polystyrene foam with a honeycomb-like barrier structure is 
described in Figure 3.1. A stable and compatible expandable aqueous suspension was 
first prepared by mixing fire-retardant compound, unexpanded EPS microspheres, and 
diluent. The formulation is summarized in Table 3.1. During the preparation, these 
components were added in a sequence of first diluent, then fire retardant compound and 
finally unexpanded EPS, and blended until a homogeneous light yellow liquid 
suspension was formed. The expandable suspension was then transferred into a glass 
or polypropylene mold and fully expanded using a 1000W 2.45GHz Oster OGB81101 
domestic microwave oven (John Oster Manufacturing Company, Boca Raton, FL). 
Microwave power was fixed at 1000W. The actual expansion time may vary with the size 
and geometry of the sample. For example, 3min expansion time was required to 
effectively foam the sample in a closed cylindrical glass mold with a diameter of 100mm 
and a height of 15mm containing 3.5g of unexpanded EPS microspheres. Details on 
process window estimation and expansion time determination of this microwave 
expansion method were discussed in the previous publication [115]. After the microwave 
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expansion, the resulting foam gained sufficient rigidity for demolding. Post-curing can be 
subsequently conducted either inside or outside of the mold for 4hr at 60°C. 
 
 
Table 3.1 Expandable suspension formulation. 




Phenolic Resin 51% (w/w) 
Aluminum Hydroxide 35% (w/w) 
Boric Acid 7% (w/w) 
1/32” Glass Fiber 5% (w/w) 
BYK-P 104S 2% (w/w) 
Diluent 1 part 
Water 95% (w/w) 
Sodium Dodecyl Sulfate 5% (w/w) 





Thermal properties of EPS were characterized by differential scanning calorimetry 
(DSC, model Q2000, TA Instruments, New Castle, DE). A temperature ramp test in a 
nitrogen atmosphere at a heating rate of 10C/min was used to determine the expansion 
temperature of unexpanded EPS microspheres. The expansion energy of EPS was 
determined using an isothermal process at 110C. 
Rheological properties of the expandable suspension were characterized on a 
controlled-stress rotational rheometer with 21mm diameter parallel steel plates (model: 
Thermo Mars II, Thermo Fisher Scientific, Inc., Waltham, MA). A steady-state flow mode 
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was employed to determine the viscosity as a function of steady shear rate at room 
temperature. 
Optical microscopy images were captured by a Motic® SMZ-168 Stereo Zoom 
Microscope (Speed Fair Co., Ltd., Hong Kong, China) installed with an Olympus UC30 
digital camera (Olympus Corporation of the Americas, Center Valley, PA) under the 
reflective mode. All other optical images were captured by a Canon EOS 5D Mark II 
Digital SLR camera (Canon U.S.A. Company, Melville, NY). 
An Instron 5667 universal testing machine (Instron Corporation, Norwood, MA) with 
a 10kN load cell was used to conduct uniaxial compression, compressive creep, and 
three point bending tests. For uniaxial compression and compressive creep tests [116], 
the samples were cut into cubic shape with a dimension of 15mm × 15mm × 15mm. The 
pre-set compressive strain in the uniaxial compression was chosen as 0.5mm/mm. The 
holding compressive stress in the compressive creep test was set to be 0.25MPa. For 
three point bending test [117], the samples were cut into a dimension of 60mm (length) × 
25mm (width) × 15mm (depth). The pre-set flexural strain was set to 0.05mm/mm. A 
crosshead rate of 5mm/min was used for all tests.  
Fire resistance test was performed by applying an external fire source in contact 
with one corner of the composite foam and the neat foam, respectively. The foam overall 
appearances were captured with a digital camera at 0s, 5s, and 15s after the beginning 
of the test. Local burning characteristics of the composite foam was observed with an 
optical microscopy by recording the morphological changes after the foam contacting the 
fire for 0s, 1s, 3s, 5s, 10s, and 15s.The structural stability of the foam at high 
temperature was examined by placing the composite foam and the neat foam on a hot 
66 
 
stage surface at a temperature of 350°C. The changes of the foam appearance after 




Figure 3.2 Thermal analysis of EPS: (A) heat flow of EPS in temperature ramping and (B) 
heat flow of EPS in isothermal dwell (110C). 
 
 
3.3 Results and Discussion 
In the following sections, the thermal property of EPS is first presented. Next, the 
formulation and rheological behavior of the expandable suspension are discussed. Foam 
morphology is subsequently shown and correlated with the suspension viscosity. The 
density and foamed EPS volume fraction are also presented. The results from uniaxial 
compression, creep, and flexural tests are then analyzed to explore the influence of the 
honeycomb-like structure over the mechanical performance of the composite foam. 
Finally, the fire retardant characteristics of the composite foam, including flame 
resistance, local burning characteristics, and high temperature structure integrity, is 
illustrated and discussed. 
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3.3.1 EPS Thermal Property 
Thermal properties of EPS were characterized using DSC. The results are shown 
in Figure 3.2 (A). Two endothermal peaks are observed. The first peak appears at 
79.0°C that is related with the gasification of pentane serving as a physical blowing 
agent in the unexpanded EPS microsphere. The second peak is at 104.7°C that 
corresponds to the glass transition temperature of polystyrene [118]. The unexpanded 
EPS microspheres can be effectively foamed when the expanding temperature is larger 
than the glass transition temperature [1]. The heat flow as a function of time in an 
isothermal dwell test is presented in Figure 3.2 (B). It is found that the expansion of EPS 
microsphere is an endothermic process with specific expansion energy of 1.97kJ/g.  
 
3.3.2 Expandable Suspension Formulation and Rheology 
In the new process developed, the composite EPS foam is produced by foaming 
an expandable aqueous suspension using microwave heating. The formulation of such 
suspension is presented in Table 3.1. The weight ratio of fire-retardant compound, 
diluent, and unexpanded EPS microsphere was chosen as 10:1:8. The resulting 
expandable suspension was found to remain stable in the time scale much longer than 
that needed to complete the foaming process.  
The recipe of fire retardant compound was modified from reference [119]. Phenolic 
resin was selected as the thermosetting binder because of its inherent fire-resistance 
after curing and good compatibility with EPS microspheres and inorganic fillers [120]. 
Aluminum hydroxide in particle form was chosen as inorganic fire-retardant additive due 
to its high effectiveness, low price, and smoke suppression capability [55]. Boric acid 
acted as an fire-retardant enhancer since it can react with aluminum hydroxide at high 
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temperature to form a glass structure [113]. Milled glass fibers (1/32” long) were added 
to the mixture as a mechanically reinforcing component. BYK-P® 104S is a commercial 
liquid additive containing low molecular weight unsaturated polycarboxylic acid polymer. 





Figure 3.3 Suspension (containing only fire retardant compound and diluent) viscosity as 








Figure 3.4 Composite EPS foam: (A) overall appearance, (B) morphology of 
honeycomb-like structure after dissolution of polystyrene, (C) morphology of barrier 
material, and (D) 3D pictorial model with cross-section. 
 
 
The diluent made of 5% surfactant aqueous solution was used to control the 
viscosity and increase the stability of the suspension. Sodium dodecyl sulfate was 
chosen as the surfactant. The viscosity of the suspension contained only fire retardant 
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compound and diluent as functions of diluent content and shear rate is presented in 
Figure 3.3. In Figure 3.3 (A), the suspension viscosity decreases with increase of diluent. 
The shear rate was chosen to be 1s-1 because it was in the order of the mixing rate 
during suspension preparation. As discussed in the previous work, a minimum 
suspension viscosity is required to offset the buoyancy effect during EPS expansion 
[115]. It was also found the EPS microspheres cannot be effectively expanded at a too 
high suspension viscosity while, when the suspension viscosity was too low, the 
honeycomb-like barrier structure became incomplete. Details will be further discussed in 
the next section. Therefore, a recommended diluent content is from 5% to 16% by 
weight. In Figure 3.3 (B), it can be observed that the suspensions with different diluent 
contents follow a shear thinning behavior as the shear rate increases, corresponding to 
a typical rheological feature of aqueous suspension containing solid particles under 
steady shear [121].  
 
3.3.3 Foam Morphology 
The expandable suspension was expanded via microwave heating into composite 
EPS foam. Post-curing at 60°C for 4hr was subsequently used to completely cure the 
phenolic resin. Optical images of the resulting foam are presented in Figure 3.4. In 
Figure 3.4 (A), it is found that the overall appearance of the composite foam is almost 
identical to that of the neat one. The only difference is that the composite foam is light 
yellow because of the color of the cured phenolic resin. The honeycomb-like barrier 
structure can be clearly observed after dissolving the EPS in the composite foam with 
cyclohexane, shown in Figure 3.4 (B). A magnified image of such barrier structure is 
presented in Figure 3.4 (C). Each individual foam particle is encapsulated by a very thin 
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composite barrier layer made of the fire-retardant compound. Moreover, due to the 
interaction of adjacent microspheres during expansion, the EPS microspheres 
developed into polyhedron geometries, similar to those found in neat EPS foams [110]. 
This shaped the cured barrier layers into a honeycomb-like structure. A pictorial model, 
presented in Figure 3.4 (D), with a cross-section cutting through the composite foam, is 





Figure 3.5 Composite EPS foam produced with a diluent weight content of: (A) 3.85% 
and (B) 19.4%. 
 
 
As mentioned above, the diluent content of the expandable suspension can 
considerably influence the morphology of the composite foam. Results are shown in 
Figure 3.5. In Figure 3.5 (A), it can be observed that when the diluent concentration was 
very low (3.85%), corresponding to a high suspension viscosity (1984Pa s), the EPS 
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microspheres cannot be effectively foamed, leaving unexpanded solid particles inside of 
the composite foam. As can be seen in Figure 3.5 (B), an incomplete barrier structure 
was formed when the water content was too high (19.4%) or the suspension viscosity 
was too low (151Pa s). The black dash line outlines the shape of the composite foam 
before the dissolution of foamed polystyrene particles. It can be seen that some of the 
fire-retardant barrier layers in the top are missing, resulting in an inhomogeneous 
structure.  
 
3.3.4 Foam Density and EPS Volume Fraction 
Table 3.2 summarizes the density and EPS volume fraction of the neat and the 
composite EPS foams. Here “neat EPS foam” refers to the foam made directly from 
foaming of EPS microspheres with no other component contained. To calculate the 










  ( 3.1 ) 
where 
EPS is the volume fraction of foamed EPS in the composite foam, FRMixture  is the 
density of fire-retardant compound after curing (1.69×103kg/m3), FRFoam  is the density of 
the composite EPS foam, and NeatFoam  is the density of the neat EPS foam. 
The density of the neat EPS foam made in this work is 43.1±1.2kg/m3 that is 
approximately half of the composite foam density as 93.6±2.0kg/m3.  The measured neat 
and composite foams were made using the same amount of fully expanded EPS 
microspheres from the same glass mold. Moreover, it is found that the foamed EPS 
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microspheres occupy as high as 96.9±2.3% of volume fraction in the composite foam in 
accordance with the fact that the barrier layer in the honeycomb-like structure is very thin. 
 
 






Volume Fraction (%) 
Neat PS Foam 43.1 ± 1.2 100.0 ± 0.0 





3.3.5 Foam Mechanical Property 
Mechanical properties, especially compressive and flexural properties, represent 
another important factor that considerably influences the performance of EPS foam. In 
this work, uniaxial compression, compressive creep, and three point bending tests were 
conducted to evaluate the mechanical performance of the composite polystyrene foam. 
Results of these tests are summarized and presented in Figure 3.6 and Table 3.3. The 
mechanical properties of the neat EPS foam are found to be comparable with data from 
commercialized products [1]. 
The flexural stress, modulus, and strain were calculated using the following 

















  ( 3.4 ) 
where   is the flexural stress, E  is the flexural modulus,   is the flexural strain, P  is 
the load, l  is the support span length, b is the width of sample, d is the depth of sample, 
m  is the slope of the tangent to the initial straight line portion of the load-deflection 
curve, and D  is the deflection of the center of the sample. 
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3.23±0.11 5.55±0.19 6.74±0.22 
Composite  
PS Foam 




















In Figure 3.6 (A), it can be seen that, in the uniaxial compression, the compressive 
modulus of the composite foam (5.80±0.62Mpa) is considerably higher than that of the 
neat foam, while the compressive stress at the pre-set strain (0.5mm/mm) of the neat 
foam (0.337±0.008MPa) is slightly lower than that of the composite foam 
(0.387±0.008MPa). Moreover, although the yielding strains of the neat and composite 
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foams are identical, the yielding stress of the composite one is larger due to its higher 
compressive modulus.   
 
 
Figure 3.6 Representative curves of neat EPS foam and composite EPS foam under (A) 
uniaxial compression test (pre-set strain 0.5mm/mm), (B) compressive creep test 
(holding stress 0.25MPa), (C) compressive creep test (creep compliance as a function of 





Results of compressive creep test are shown in Figure 3.6 (B) and (D). The holding 
stress was chosen to be 0.25MPa. It can be observed that the creep strain of the 
composite foam is lower than that of the neat foam. The curve of creep compliance as a 
function of time also follows a similar trend. Table 3.3 quantitatively illustrates this result, 
indicating that the composite foam is more durable when experiencing external stress 




Figure 3.7 Comparison of burning characteristics of neat EPS foam (A-C) and composite 
EPS foam (D-F): before burning (A & D), after burning for 5s (B & E), and after burning 
for 15s (C & F). 
  
 
The representative curves of both composite and neat EPS foams are presented in 
Figure 3.6 (C). The flexural modulus of the composite foam is found to be 6.57±0.57MPa 
which is higher than that of the neat foam (5.16±0.17MPa). Similarly, the flexural stress 
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at pre-set strain (0.05mm/mm) of the composite foam (0.304±0.026MPa) is calculated to 
be larger than that of the neat foam (0.253±0.022MPa).  
Therefore, it is concluded that the existence of the honeycomb-like barrier structure 
can considerably improve the mechanical performance of the composite EPS foam in 
comparison with the neat one.  
 
3.3.6 Foam Fire Retardation 
In this section, the fire retardation characteristics of the composite EPS foam with a 
honeycomb-like barrier structure is evaluated and compared with the neat EPS foam. 
The results on fire resistance test are shown in Figure 3.7. The composite foam and the 
neat foam before burning are shown in Figure 3.7 (A) and 7 (D), respectively. No 
obvious difference of appearances was found for the two foams in their initial state. 
During burning, an external fire source stayed in contact with one corner of the foam. 
Figure 3.7 (B) shows the composite foam after being burned for 5s. The polystyrene 
component was melted and retracted when contacting with the flame, leaving a hollow 
honeycomb-like structure. No dripping and nearly no black smoke were found. The 
overall shape of the foam stayed unchanged. When the external fire was removed, no 
flame was sustained on the foam. The neat polystyrene foam burnt for 5s is shown in 
Figure 3.7 (E). The polystyrene retracted and the foam structure was collapsed. Melt 
dripping and black smoke were observed. When the external fire was removed, the 
flame sustained itself on the neat foam. The composite foam and the neat foam burned 
for 15s are shown in Figure 3.7 (C) and 3.7 (F), respectively. The composite foam was 
found to be nearly fire-proofing. No dripping and nearly no smoke were observed. The 
honeycomb structure was kept with no collapse or observable shrinkage. The flame was 
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self-extinguished when the external fire source was removed. On the contrary, the neat 
EPS foam burned vigorously with burning dripping materials. Heavy black smoke was 
generated. The structure completely collapsed with shrinkage of the dimension. When 




Figure 3.8 Local burning characteristics of composite EPS foam after contacting with fire 
flame for: (A) 0s, (B) 1s, (C) 3s, (D) 5s, (E) 10s, and (F) 15s. 
 
 
To further study the fire retardation of the composite foam, local burning 
characteristics was observed with an optical microscopy, shown in Figure 3.8. In Figure 
3.8 (A), before the burning test, the boundary between the foamed EPS microsphere 
and the fire-retardant barrier layer was difficult to distinguish.  As the composite foam 
surface contacted with flame from 1s to 5s, shown from Figure 3.8 (B) to Figure 3.8 (D), 
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the polystyrene was melted and gradually retracted, leaving a hollow honeycomb 
structure. At the same time, the barrier layer began to turn dark because of the 
carbonization of phenolic resin and decomposition of fire-retardant fillers, but the overall 
barrier structure remained almost unchanged. When the composite foam was burnt from 
10s to 15s, shown from Figure 3.8 (E) to Figure 3.8 (F), polystyrene at the surface 
completely disappeared but the polystyrene beneath the hollow honeycomb-like barrier 
still remained almost untouched. The barrier structure became darker, indicating a 
further progress of resin carbonization and filler decomposition. However, the overall 
structure was kept integrated and no obvious collapse or dimensional change was 




Figure 3.9 Illustration of fire-retardation mechanism of composite EPS foam. 
 
 
An illustrative scheme is drawn in Figure 3.9 to have a further explanation on the 
fire-retardation mechanism of the composite EPS foam. When the foamed EPS particle 
is touched by an external fire source, the polystyrene is melted and retracted, leaving a 
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hollow honeycomb barrier structure contacting with the flame. In the barrier layer, the 
phenolic resin begins to be carbonized and the aluminum hydroxide starts to decompose. 
This process absorbs a large amount of energy and, at the same time, releases a great 
deal of water [123]. As the temperature continues to increase, aluminum hydroxide 
reacts with boric acid to form a glassy structure that can bear high temperature [50]. 
Since the honeycomb-like structure can remain a certain extent of rigidity even at high 
temperature, the foam structure can be kept integrated during the combustion. Moreover, 
during the hydroxide compound decomposition, a porous barrier structure that can 
effectively suppress the release of toxic smoke also forms [114]. Therefore, it can be 
concluded that the formed honeycomb-like barrier structure can considerably improve 
the fire-retardation of the composite EPS foam, by effectively stopping the fire path into 
the foam, suppressing the release of toxic smoke and retaining the integrity of the foam 
structure.  
At last, the structure integrity when the foam contacted with a high-temperature 
surface was investigated. This test is important because usually, during the fire, the 
foam will not only directly contact with the flame but also with hot surfaces. The results 
are presented in Figure 3.10. Before the test, shown in Figure 3.10 (A), the composite 
foam and the neat foam were placed on a hot stage surface and then the surface 
temperature was raised to 350°C. As the contacting time went by from 1min to 3min, 
presented from Figure 3.10 (B) to Figure 3.10 (E), the neat polystyrene foam quickly 
shrank from a cuboid to a slice and finally into a melt with a disastrous collapse of the 
foam structure while only limited dimension shrinkage at the bottom was observed in the 
composite foam. The difference between the composition foam and the neat foam during 
the test can be explained as follows. As presented in Figure 3.10 (F), when contacting 
with the hot surface, the foamed polystyrene at the bottom surface was melted and 
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retracted, leaving a hollow honeycomb-like barrier structure. Since the hollow barrier 
remained structural integrity and sufficient rigidity to support the stand of the entire 
composite foam, it can prevent the foamed polystyrene to directly contact with the hot 
source, thus minimizing the dimensional shrinkage of the foam. 
Based on the results from the above tests, it can be concluded that the composite 
polystyrene foam with a honeycomb-like barrier structure has improved fire-resistant 






Figure 3.10 Comparison of dimensional change of neat EPS foam and composite EPS 
foam after contacting with hot surface (350oC) for (A) 0.0min, (B) 1.0min, (C) 2.0min, (D) 
2.5min, and (E) 3.0min; (F) shows the bottom surface morphology of the composite EPS 







A novel expandable suspension process was designed and developed to produce 
composite EPS foam with improved fire-retardant performance. This process converts 
an expandable suspension containing a fire-retardant compound, unexpanded EPS 
microspheres and a diluent, into a composite foam with a honeycomb-like barrier 
structure. The expandable suspension process is featured with incorporation of high 
loadings of environmentally friendly and low-cost inorganic fire-retardant agents without 
undermining the foamability of EPS microspheres.  
The optical observation confirmed the formation of the honeycomb-like structure 
that encapsulates each individual foam microsphere in the composite foam. The diluent 
content was found to highly influence the suspension viscosity and the foam morphology. 
With low diluent concentration, EPS microspheres cannot be effectively expanded, while 
the barrier structure becomes incomplete when diluent content is high. Results from 
mechanical tests showed that the existence of the honeycomb-like barrier structure can 
considerably improve the foam mechanical performance, making the composite foam 
stiffer and more durable compared with the neat one. At last, fire-retardation tests 
demonstrated that the honeycomb-like barrier structure can effectively stop the fire path 
into the foam, suppress toxic smoke generation, and maintain foam structure integrity, 
enabling the composite foam to have substantially improved fire resistance in 










In Chapter 2, a microwave expansion process is designed and developed to 
address the emerging issues in the production of EPS-filled syntactic foams [115]. In this 
process, the unexpanded EPS microspheres are distributed and then directly foamed in 
the uncured thermosetting matrix using microwave heating. This process design is 
demonstrated with the capability of effectively expanding highly loaded EPS 
microspheres. The microwave expansion process was later extended to produce 
composite polystyrene foams with a unique honeycomb-like structure as shown in 
Chapter 3 [124]. The mechanical strength and fire resistance of the composite foams 
were found to be considerably improved compared with those made of neat polystyrene. 
In order to optimize the microwave expansion process, a further understanding on the 
fundamental aspect of this process is highly desired. It requests to establish a model that 
can simulate the core part of the process, the expansion of EPS microsphere, since 
kinetic parameters related to bubble nucleation and growth cannot be measured easily 
by experimental methods.  
A number of modeling efforts have been made to simulate foaming processes 
involved with physical blowing agents in polymer melts. Existing methods include but are 
not limited to single bubble model [58-60], cell model [71, 73, 74], influence volume 
analysis [70, 77, 79, 80], level set method [125, 126] and biphase continuum approach 
[127].  However, these models cannot be directly applied to EPS expansion process 
because they almost exclusively focus on the foaming processes triggered by the 
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sudden decrease of system pressures.  The expansion of EPS, on the other hand, is 
started by heating the system to the expansion temperature. Moreover, the methods 
mentioned above usually only simulate the formation of cell microstructure but do not 
take the geometry of foamed plastics into consideration. However, the geometry of EPS 
microsphere must be considered. This is because the shape and size of foamed EPS 
directly impact the morphology and property of the resulting foam.  Another similar 
process to EPS expansion is the bubble growth of vapor in boiling water. This happens 
when water is heated to boiling temperature and small air bubbles that are dissolved or 
adhered to impurities quickly grow and collapse. The existing efforts to model this water 
boiling process usually do not consider the diffusion of vapor into the expanding bubbles 
since it plays a minor role [128, 129]. However, the gas diffusion cannot be neglected in 
the modeling of EPS microsphere, for it is directly related with the nucleation and 
expansion of bubbles. 
Chapter 4 presents a general formulation for assistance in the further 
understanding on the basics of the expansion process of EPS microsphere. A semi-
analytical solution was first obtained to provide a relatively simple tool to understand and 
optimize the expansion process. Dimensionless groups and characteristic parameters 
were defined. They were then employed to analyze the modeling results. In order to 
obtain an accurate prediction of EPS expansion, a numerical solution to the model that 
couples the nucleation and expansion of multiple bubbles in a finite matrix was 
subsequently developed. The kinetics and temperature dependence of EPS expansion 
from the numerical solution were studied and compared with those from the semi-
analytical solution. At last, a parameter sensitivity study was performed to examine the 






Cup grade unexpanded EPS microspheres DYLITE® F271T, obtained from Nova 
Chemicals Corporation (Moon Township, PA), were used in this study. The unexpanded 




Rheological properties of the polystyrene in EPS were characterized on a 
controlled-stress rotational rheometer with 21mm diameter parallel steel plates (model: 
Thermo Mars II, Thermo Fisher Scientific, Inc., Waltham, MA). The polystyrene was 
obtained directly from the EPS microspheres used in this study after a vacuum de-
gassing process to remove the pentane inside. 
Radial expansion of EPS microsphere as a function of time was recorded in real-
time by a hot stage (Model T95-HS, Linkam Scientific Instruments Ltd, UK) mounted 
onto an Olympus BX51 optical microscope installed with an Olympus UC30 digital 
camera (Olympus Corporation of the Americas, Center Valley, PA). 
 
4.3 Model Development 
4.3.1 General Formulation 
Before the expansion, EPS microspheres are stored at room or lower temperatures 
to keep the pentane/polystyrene solution in a stable state. When the microspheres are 
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heated to expansion temperature, the solution becomes supersaturated because of the 
decrease of pentane solubility. In order to minimize the free energy of the system, 
bubble nucleation begins. The continuous expansion of bubbles is driven by the 
difference between bubble pressure and ambient pressure. During the expansion of old 
bubbles, new bubbles will be nucleated simultaneously. The termination of expansion of 
individual bubbles is reached when the bubble pressure, ambient pressure and matrix 
surface stress are balanced.  
A scheme that illustrates the growth of bubble in the matrix during EPS expansion 
process is shown in Figure 4.1. The bubble radius is defined as  ',ttR  which represents 
the radius at time t  of the bubble nucleated at time 't . The bubble pressure at time t  of 
the bubble nucleated at time 't  is expressed as  ', ttPb . The average pentane 
concentration in EPS matrix is defined as  'tc . Before expansion,  'tc  is equal to 0c  
which is the initial pentane concentration. The EPS matrix has a surface tension of   
and a viscosity of . When 0t , the bubble has an initial radius of 0R and initial bubble 






Figure 4.1 Scheme of bubble growth in EPS matrix. 
 
 
The bubble is assumed to remain a spherical shape during the expansion. Then a 
spherical coordinate system can be established in each bubble with the coordinate origin 


















.  ( 4.1 ) 
Since the viscosity of polystyrene matrix is very high during EPS expansion, the 
effects of gravity and inertia can be neglected [130]. Therefore, the equation of motion in 












 .  ( 4.2 ) 
By integrating both sides and substituting the Young-Laplace equation for a 
















.  ( 4.3 ) 
Here aP  is the ambient pressure. Equation (4.3) is the governing equation that 
couples the momentum and mass conservations in the bubble expansion.   











 24   ( 4.4 ) 
where D  is the diffusion coefficient of pentane in polystyrene, c  is the pentane 
concentration, and the mole number of pentane molecules in the bubble is calculated by 




























 33  . ( 4.5 ) 




In this model, thermal effects are considered to be of negligible importance since 
the condition of EPS expansion is isothermal [131]. Moreover, because it usually takes 
only several seconds to fully expand the EPS microspheres, the loss of pentane to the 
surroundings is not taken into consideration. 
 
4.3.2 Semi-analytical Solution 
To obtain a semi-analytical solution to the model developed above, the bubble is 
assumed to expand in an infinite EPS matrix of which viscosity   is constant and the 
pentane diffusion through the bubble surface is not considered. 












. ( 4.6 ) 




bP  and dimensionless expansion time 























 . ( 4.9 ) 









b . ( 4.10 ) 
The characteristic bubble expansion time ct and characteristic bubble radius cR  


















. ( 4.12 ) 
According to the ideal gas law, the bubble pressure can be correlated with bubble 






P bb  . ( 4.13 ) 
The bubble radius and bubble pressure can be solved by substituting Equation 
(4.13) back to Equation (4.6). The constants used are given in Table 4.1 [132, 133]. 
To model the expansion process of the EPS microsphere, a bubble nucleation 
mechanism should be introduced. However, as pentane diffusion is not considered, 
existing diffusion-based nucleation theories cannot be adopted. Since experiments have 
shown that nucleation often undergoes an exponential decay, the nucleation rate is 














NtJ  ( 4.14 ) 
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where  'tJ  is the bubble nucleation rate as a function of bubble nucleation time 't , 1N is 
a pre-exponential constant (7.5×1014 31  ms ), and 2N  is a nucleation time constant 
(0.45 s ). Therefore, the EPS radius )'(ˆ tR  can be calculated by the following expression: 









dtttRtJVRtR  ( 4.15 ) 



























Time ct  




( m810 ) 
130°C 3.02 0.034 11.04 1.20 6.53 
140°C 1.33 0.033 13.31 0.43 5.21 




4.3.3 Numerical Solution 
In the work mentioned above, the model is simplified so as to obtain a semi-
analytical solution based on a single bubble growth in an infinite matrix. It has been 
found that the semi-analytical solution can only qualitatively predict the radial expansion 
of EPS. Detailed results will be shown in the Results and Discussion section. In order to 
more accurately predict the expansion of EPS, a numerical solution is then developed 
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based on the nucleation and expansion of multiple bubbles in a finite matrix at various 
temperatures and the diffusion of pentane.  
A classical heterogeneous nucleation theory is applied to describe the bubble 





















  ( 4.16 ) 
where 0f is the Zeldovich correction factor, AN is Avogardro’s number, WM is the 
molecular weight of pentane, F is a correction factor of free energy barrier E , and Bk
is Boltzmann’s constant.  










 ( 4.17 ) 
where   can be expressed by the following semi-empirical equation [135]: 
   152 293102.71007.4   mNT . ( 4.18 ) 
The temperature dependence of pentane saturated pressure is calculated using 
the Generalized Wagner model [133], 






bb   ( 4.19 ) 
where 
c
bP 0  is the critical saturated pressure of pentane and 
cT is the critical temperature, 





1 . ( 4.20 ) 
Since the pentane only occupies approximately 5.6% weight fraction in EPS, it is 
reasonable to assume that the rheological behavior of the polystyrene can represent that 
of the pentane/polystyrene solution. As shown in Figure 4.2 (A), the viscosity of 









 ( 4.21 ) 
where n is the power-law index and 
0 is the pre-exponent coefficient. With Equation 




















  .  
Then, by substituting Equation (4.21) into Equation (4.3), the following equation 

























. ( 4.22 ) 
As shown in Figure 4.2 (B), the temperature dependence of the pre-exponent 













 exp0  ( 4.23 ) 
where K is a pre-exponent constant, E is the activation energy, and  is the universal 
gas constant. The power-law index n at different temperatures is found to be 
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approximately 0.852 (Figure 4.2 (C)). Therefore, the temperature dependence of the 
rheological behavior of polystyrene is obtained. Predicted polystyrene viscosity as a 
function of shear rate at 140°C is shown in Figure 4.2 (D).   
If it is assumed that pentane follows Henry’s Law [78], and the gas concentration 










 ( 4.24 ) 
where Hk  is Henry’s solubility constant and   is the diffusion radius correlation 
constant. 












. ( 4.25 ) 
The temperature dependence of diffusion coefficient D  is found to follow an 











DD Dexp0  ( 4.26 )  







Figure 4.2 A) Power-law model fit to polystyrene viscosity as a function of shear rate at 
190°C, B) Andrade-Eyring model fit to power-law model pre-exponent coefficient as a 
function of temperature, C) linear fit to power-law model index as a function of 















Table 4.2 Summary of constants in numerical solution. 
 Symbol Value Units 
Ambient Pressure aP  1.01×10
5 Pa  
Critical Pentane Gas Saturated 
Pressure 
c
bP 0  
3.37×106 Pa  
Critical Temperature cT  469.7 K  
Generalized Wagner Equation 
Constants 
1c  -7.349492 - 
5.1c  2.382017 - 
2c  -2.176618 - 
3c  0.891296 - 
4c  -3.841503 - 








Power-law Model Index n  0.852 - 




5.11×10-10 1 sPa  




5 1molJ  
Diffusion Coefficient Pre-exponent 
Constant 0
D  2.42×1011 12  sm  
Diffusion Activation Energy DE  1.59×10
5 1molJ  
Initial Gas Concentration 0c  7.04×10
2 3mmol  
Diffusion Radius Correlation 
Constant 
  1.842 - 
Henry’s Solubility Constant Hk  7.8×10




Resistance to EPS microsphere expansion is generated when the process takes 
place in pre-cured epoxy resin. It is assumed that the resistant stress applied on the 
individual bubble equals to that on the whole microsphere. If a spherical coordinate 
system ( ̂  ̂  ̂) is established to the entire EPS microsphere with the coordinate origin 
at the sphere center, the stress tensor of epoxy resin can be expressed as 
 ̂ˆ E  ( 4.27 )  
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where    is the viscosity of epoxy resin and it is set to be constant for simplicity. Details 
can be found in the results and discussion section. 
With the mass conservation of epoxy resin, the principal stress at the surface of 














   ( 4.28 ) 
The influence of epoxy resin on the expansion kinetics of EPS can then be 
incorporated into the model by adding Equation (4.28) into Equation (4.3). 
The accurate model is numerically solved by coupling the governing equations 
developed above. The constants in the model are summarized in Table 4.2 [78, 132, 133, 
136]. 
 
4.4 RESUTLS AND DISCUSSION  
4.4.1 Semi-analytical Solution 
The results of bubble radius growth as a function of time are presented in Figure 
4.3 (A). Generally, the radius of bubble increases very fast after the start of expansion 
until an equilibrium state is reached when the bubble pressure is equal to the sum of 
ambient pressure and surface stress.  Similar trends are also found in the change of 
bubble pressure presented in Fig.3 (B). The bubble pressure drops very fast to the 
equilibrium state during the expansion of bubbles. 
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Figure 4.3 A) Bubble radius and B) bubble pressure as a function of expansion bubble 
time in the semi-analytical solution.  
 
 
The characteristic bubble expansion time is an important characteristic parameter 
that correlates with properties of both matrix and bubble. It can be used to characterize 
the time scale of the expansion of bubbles. As found in Table 4.1, the characteristic 
expansion time decreases with the increase of expansion temperature. This is because 
a higher expansion temperature results in a lower matrix viscosity and larger saturated 
pressure of pentane.  Therefore, it can be further deduced that the rates of bubble radius 
growth and bubble pressure drop at higher temperature will be larger. This deduction is 
affirmed by the results shown in Figure 4.3. Another important characteristic parameter 
is the characteristic bubble radius which can characterize the size of the equilibrated 
bubble radius. It correlates with the bubble surface energy and pressure difference. The 
former applies resistance to the expanding bubbles while the latter is the driving force for 
the expansion. As presented in Table 4.3 and Figure 4.3 (A), with the increase of 
characteristic bubble radius, the ultimate bubble radius increases. 
With the obtained bubble radius and pressure, the dimensionless bubble radius 
and pressure can be calculated using Equation (4.7) and (4.8), respectively. It is found 
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that, in a large range of temperatures, the dimensionless bubble radius and the 
dimensionless bubble pressure are functions of dimensionless expansion time, following 
































  ( 4.30 ) 
where AiA  and  3,2,1iBAi  are constants that are dependent of expansion 
temperature. Their values are summarized in Table 4.3. It can be obtained that, while 
the values of AiA  change at different expansion temperatures, AiB  remain the same, 
indicating that 
*R  is more sensitive to the variation of temperature. 
 
 
Table 4.3 Summary of constants in the exponential fitting of dimensionless bubble radius 




A  2AA  3AA  
130°C 14.03±0.025 1.95±0.006 30.77±0.006 
140°C 19.93±0.048 2.44±0.009 41.48±0.008 
150°C 27.78±0.110 2.92±0.018 54.91±0.017 
Expansion 
Temperature 1A
B  2AB  3AB  
130°C 







Figure 4.4 A) Dimensionless bubble radius and B) dimensionless bubble pressure as a 
function of dimensionless expansion time in the semi-analytical solution.  
 
The fitting results are presented in Figure 4.4. It can be observed that the growing 
rate of dimensionless bubble radius increases with the increase of characteristic 
expansion time and reaches a larger ultimate value, corresponding to a smaller 
characteristic bubble expansion time and a larger characteristic bubble radius. The 
temperature, however, has little influence over the dimensionless bubble pressure. As 
the simple exponential relation of dimensionless bubble radius and pressure can be 
applied in a large range of expansion temperatures, the expansion kinetics of bubbles 
can thus be easily estimated, assisting in the design of process. 
The radial expansion of the whole EPS microsphere can be calculated with an 
exponential bubble nucleation expression. The comparison between experimental and 
modeling results is shown in Figure 4.5. It can be seen that the semi-analytical solution 
is able to predict, at least at a qualitative level, the radius growth of the expanding EPS 
microsphere obtained from a real-time observation at different expansion temperatures. 
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Figure 4.5 Comparison between experimental radial growth of EPS and the predicted 
one from the semi-analytical solution at different temperatures.  
 
 
This simple semi-analytical solution can be easily employed to analyze the 
expansion kinetics of bubbles and EPS microspheres, providing references to the design 
and optimization of expansion process. However, such solution can only lead to a 
qualitative prediction to actual expansion process because several non-realistic 
simplifications are involved in the solution development. First, the bubble expansion is 
assumed to take place in an infinite matrix. However, the matrix is usually finite in actual 
cases. Second, the pentane transfer is assumed to be neglected between bubble and 
matrix. This is not true because, during the bubble expansion, the pentane dissolved in 
polystyrene diffuses into the bubble due to the existence of a concentration gradient.  
For the same reason, the existing bubble nucleation theory cannot be correlated with the 
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semi-analytical solution. Third, the viscosity of EPS matrix is assumed to be constant, 
but it is widely acknowledged that the polystyrene viscosity is shear-rate dependent. 
Therefore, in order to have a quantitative prediction of the actual expansion process of 




Figure 4.6 A) Bubble radius as a function of expansion time and nucleation time at 
140°C, B) bubble pressure as a function of expansion time and nucleation rate at 140°C, 
C) bubble (nucleated at 0.0s) radius as a function of expansion time at various 
temperatures, and D) bubble (nucleated at 0.0s) pressure as a function of expansion 
time at various temperatures in the numerical solution.  
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4.4.2 Numerical Solution 
To have a quantitative prediction of EPS expansion, a numerical solution that 
couples the nucleation and expansion of multiple bubbles in a finite matrix at various 
expansion temperatures is developed under the general formulation. The diffusion of 
pentane and rate-dependence of EPS matrix viscosity are taken into consideration.  
The expansion kinetics of bubble is presented in Figure 4.6. As shown in Figure 4.6 
(A) and Figure 4.6 (B), the bubble radius grows very fast at the initial several seconds 
after the nucleation. Meanwhile, the bubble pressure drops quickly. The rates of radius 
increase and pressure decrease gradually slow down to zero when the bubble 
expansion reaches an equilibrium state. Bubbles nucleated at different times follow a 
very similar expansion pattern. The radius growth of bubbles that are nucleated at 0.0s 
as a function of expansion temperature is shown in Figure 4.6 (C). A higher growth rate 
of bubble radius is reached when a higher expansion temperature is used, 
corresponding to a smaller characteristic bubble expansion time. It can be also noticed 
that, with the increase of expansion temperature, the equilibrated bubble radius also 
increases in accordance with the reversely changing trend of characteristic bubble 
radius. Figure 4.6 (D) represents the dropping rate of bubble pressure as a function of 
expansion temperature. As one can find in Equation (4.19), the initial bubble pressure 
which equates to saturated pentane pressure increases with the increase of expansion 
temperature. The pressure dropping rate of the bubbles nucleated at 0.0s is also found 
to increase as the temperature rises. The equilibrated bubble pressures at different 
expansion temperatures are very similar. This is because, compared with surface 
tension, the ambient pressure plays a more influential role to determine the balanced 
bubble pressure.  
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Table 4.4 Summary of constants in the exponential fitting of dimensionless bubble radius 




A  2NA  3NA  
130°C 8.77±0.047 0.90±0.001 24.06±0.009 
140°C 12.43±0.075 0.88±0.002 31.38±0.013 
150°C 16.83±0.031 0.84±0.004 39.44±0.005 
Expansion 
Temperature 1N
B  2NB  3NB  
130°C 





Similar to the semi-analytical solution, the dimensionless bubble radius and the 
dimensionless bubble pressure are also found to be as functions of dimensionless 




































  ( 4.32 ) 
where NiA  and  3,2,1iBNi  are constants that are dependent of expansion 
temperature. Their values are summarized in Table 4.4. As NiB  remains the same in a 
large range of temperatures, it can be deduced that 
*
bP  is less sensitive to the variation 
of temperature. Moreover, NiA  are smaller than AiA  at the same temperature of 
expansion, corresponding to a slower growth rate of dimensionless bubble radius and a 
smaller equilibrated dimensionless radius. The comparison between NiB  and AiB  leads 
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to a similar result. This is because, in contrast with semi-analytical solution, the 
numerical solution models the expansion of bubble in a finite matrix with a consideration 




Figure 4.7 A) Dimensionless bubble radius and B) dimensionless bubble pressure as a 
function of dimensionless expansion time in the numerical solution.  
 
 
The results of the dimensionless analysis on the numerical solution are also 
summarized in Figure 4.7. In Figure 4.7 (A), it can be observed that a higher expansion 
temperature, corresponding to a shorter characteristic bubble expansion time and a 
smaller characteristic bubble radius, leads to a larger growth rate and equilibrated size of 
dimensionless bubble radius. As indicated in the Table 4.4 and shown in Figure 4.7 (B), 
the variation of expansion temperature has limited influence over the dimensionless 
bubble pressure which can be fitted by an exponential function with dimensionless 
expansion time as independent variable in a large range of temperatures.  
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Figure 4.8 compares the experimental result of the radial expansion of EPS with 
the predicted one at various temperatures. In contrast with the semi-analytical solution, 
the numerical solution can quantitatively predict the experimental results obtained from 
the real-time observation at each of the selected temperatures. It can also be observed 
that, with the increase of expansion temperature, the growth rate of EPS radius 




Figure 4.8 Comparison between experimental radial growth of EPS and the predicted 
one from the numerical solution at different temperatures.  
 
 
4.4.3 Parameter Sensitivity Study 
In the numerical solution, many parameters simultaneously influence the modeling 
results. It is worth performing a sensitivity study on them, including diffusion coefficient, 
Henry’s solubility constant, power-law pre-exponent constant, and initial pentane 
concentration. This is because such study can evaluate the effect of each parameter, 
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assisting in the design and optimization of expansion system. In the parameter 
sensitivity study, while a set of conditions with the variation of a single parameter is in 
the run, the others remain unchanged. 
The results of sensitivity study on influence of diffusion coefficient over the 
expansion kinetics of EPS microsphere at 140°C are summarized in Figure 4.9. As 
presented in Figure 4.9 (A), a higher growth rate of EPS radius is found to be with a 
lower diffusion coefficient. This is because the bubble radius can reach a larger 
equilibrium value by decreasing the diffusion coefficient, showing in Figure 4.9 (B). In 
Figure 4.9 (C), it is found that the dropping rate of bubble pressure is lowered at smaller 
diffusion coefficient since the diffusion of pentane from the EPS matrix into the bubble 
slows down. For a similar reason, the variation of average pentane concentration in 
pentane/polystyrene matrix also slows down, presenting in Figure 4.9 (D). 
The influence of the variation of Henry’s solubility constant is very similar to that of 
the diffusion coefficient. In Figure 4.10 (A), by increasing the Henry’s solubility constant, 
it is observed that the radius of EPS microsphere can grow faster since the ultimate 
radius of bubble is increased as shown in Figure 4.10 (B). A lower Henry’s solubility 
constant is also able to slow down the diffusion of pentane from EPS matrix to the 
bubbles, presenting in Figure 4.10 (C). However, it seems that the change of Henry’s 
solubility constant has relatively limited influence over the average pentane 
concentration in pentane/polystyrene solution, presented in Figure 4.10 (D). 
The results of sensitivity study on influence of the power-law pre-exponent 
constant over the expansion kinetics of EPS microsphere is shown in Figure 4.11. In 
Figure 4.11 (A), it can be found that the radius growth rate of EPS microsphere is 
increased as the power-law pre-exponent constant is lowered because there is less 
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resistance against the expansion of bubbles. This is confirmed by the results of bubble 
radius growth presented in Figure 4.11 (B). Moreover, as the bubble growth rate is 
increased at lower viscosity, the dropping rate of bubble pressure is also increased, 
showing in Figure 4.11 (C). In Figure 4.11 (D), the average pentane concentration in 
EPS matrix seems to be less affected by the variation of matrix viscosity. 
The initial concentration of pentane in EPS microsphere is found to have a 
significant influence over the expansion kinetics of EPS microsphere. As shown in 
Figure 4.12 (A), since the bubble nucleation rate is increased when the initial pentane 
concentration is increased, it is found that the EPS radius grows faster at a higher initial 
concentration of pentane. However, because the initial pentane concentration does not 
influence the parameters that control the diffusion of gas, it has very limited influence 
over the increase of bubble radius and the decrease of bubble pressure, as presented in 
Figure 4.12 (B) and (C), respectively. Similarly, in Figure 4.12 (D), it can be found that 
the initial pentane concentration does not have much influence over average pentane 





Figure 4.9 Sensitivity study on influence of diffusion coefficient over A) EPS radius, B) 
bubble radius, C) bubble pressure, and D) average pentane concentration in 






Figure 4.10 Sensitivity study on influence of Henry’s solubility constant over A) EPS 
radius, B) bubble radius, C) bubble pressure, and D) average pentane concentration in 





Figure 4.11 Sensitivity study on influence of power-law pre-exponent constant over A) 
EPS radius, B) bubble radius, C) bubble pressure, and D) average pentane 
concentration in pentane/polystyrene solution in the numerical model (expansion 





Figure 4.12 Sensitivity study on influence of initial pentane concentration over A) EPS 
radius, B) bubble radius, C) bubble pressure, and D) average pentane concentration in 






4.4.4 EPS Expansion in Epoxy Liquid 
In order to investigate the influence of existence of pre-cured epoxy resin over the 
EPS microsphere foaming in the previously developed microwave expansion process, 
the numerical solution can incorporate the resistance applied to EPS microsphere due to 
its radius enlargement in pre-cured epoxy liquid. The viscosity of pre-cured epoxy is 
assumed to be Newtonian for two reasons. First is because the pre-cured epoxy resin 
stays with unchanged viscosity during most of the process time. Second is to reduce the 
complexity of analysis. The results are summarized in Fig. 4.13. The influence of epoxy 
resin viscosity over the EPS microsphere expansion rate is shown. It can be noticed that 
only when the viscosity of epoxy liquid reaches a certain high value can it retard the 
growth of EPS radius, indicating that the retarding effect takes place in the late stage of 
the microwave expansion process. Generally, the higher the viscosity is, the slower the 
expansion is. 
 
Figure 4.13 Influence of the uncured epoxy matrix over the growth of EPS radius during 




In Chapter 4, a general formulation for modeling the expansion process of EPS 
microsphere is presented. A semi-analytical solution was first obtained based on the 
simplified case of a single bubble expansion in an infinite matrix. This solution provides a 
relatively simple tool to understand and optimize the expansion process. The 
dimensionless bubble radius and dimensionless bubble pressure are obtained to be 
exponential functions of dimensionless expansion time. The characteristic bubble 
expansion time is able to characterize the time scale of the expansion process. The 
equilibrated bubble radius is in reverse proportion to the characteristic bubble radius. 
The semi-analytical solution can qualitatively predict the experimental results of radial 
expansion of EPS microsphere obtained in a real-time observation. However, this 
solution suffers from some unrealistic simplifications, including infinite matrix, exclusion 
of pentane diffusion, and constant viscosity of polystyrene. 
To have a more accurate prediction of EPS expansion, a numerical solution was 
then developed to the model that correlates with the nucleation and expansion of 
multiple bubbles in a finite matrix at various expansion temperatures. The diffusion 
process of pentane and rate-dependent viscosity of EPS matrix were considered. It was 
discovered that the numerical solution is able to quantitatively predict the expansion of 
EPS microsphere. The temperature also plays an important role to determine the 
expansion kinetics. By increasing the expansion temperature, the process can be 
considerately accelerated. At last, a parameter sensitivity study was performed to 
examine the effect of each parameter over the expansion process. It was obtained that 
the growth rate of EPS microsphere during expansion can be increased by lowering the 
diffusion coefficient, Henry’s solubility constant and matrix viscosity or raising the initial 
concentration of pentane. Finally, it was also found that only when the viscosity of epoxy 
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liquid reaches a certain high value can it retard the growth of EPS radius, indicating that 





CONCLUSIONS, RECOMMENDATIONS AND FUTURE WORK 
 
 
5.1 Conclusions  
In this thesis, the major body of research work was covered from Chapter 2 to 
Chapter 4. The design and development of a microwave expansion process was first 
presented in Chapter 2 with an aim to address some emerging issues in the processing 
of EPS-filled syntactic foam. To have a broader impact of the research, in the work 
shown in Chapter 3, the microwave expansion process was then extended to produce 
composite polystyrene foams with improved fire retardation and mechanical 
performance. With an effort to emphasize the fundamental aspect of the research, a 
process model which was capable to model the expansion kinetics of EPS microsphere 
was developed and presented in Chapter 4. Specific results of each of the three 
chapters are recapitulated as follows. 
In Chapter 2, the design and development of a novel microwave expansion 
process is presented to produce thermoset-matrix syntactic foam containing expandable 
thermoplastic microspheres. Expandable polystyrene microsphere and epoxy resin were 
chosen as the model material system for feasibility study and demonstration. The 
microwave power was fixed to be 100W to ensure a controlled process. A two-stage 
hardener addition method was employed to prevent the dissolution and inhomogeneous 
distribution of EPS microspheres. The specific microwave energy and the pre-cured 
epoxy viscosity at room temperature are found to be the two governing parameters in 
the process. The feasible process window was quantitatively estimated based on 
rheological measurements and thermal analyses. The experimental results 
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demonstrated that the microwave expansion process is able to effectively expand EPS 
microspheres in EPS/epoxy syntactic foam even with high EPS loading. Mechanical 
tests showed that the specific flexural strength and modulus of syntactic foam are 
comparable with those of neat epoxy. By comparison, the flexural moduli over density 
squared or cubed of the foam are much higher, especially at high EPS loadings, than 
those of neat epoxy. The foamed EPS microspheres can also effectively toughen the 
syntactic foam, preventing propagation of cracks. Finally, the microwave expansion 
process is also capable of molding syntactic foamed parts of relatively sophisticated 
geometry with smooth surfaces. 
Chapter 3 presents the extension of the microwave expansion process to produce 
composite EPS foam with improved fire-retardant performance. This process converts 
an expandable suspension containing a fire-retardant compound, unexpanded EPS 
microspheres and a diluent, into a composite foam with a honeycomb-like barrier 
structure. The expandable suspension process is featured with incorporation of high 
loadings of environmentally friendly and low-cost inorganic fire-retardant agents without 
undermining the foamability of EPS microspheres. The optical observation confirmed the 
formation of the honeycomb-like structure that encapsulates each individual foam 
microsphere in the composite foam. The diluent content was found to highly influence 
the suspension viscosity and the foam morphology. With low diluent concentration, EPS 
microspheres cannot be effectively expanded, while the barrier structure becomes 
incomplete when diluent content is high. Results from mechanical tests showed that the 
existence of the honeycomb-like barrier structure can considerably improve the foam 
mechanical performance, making the composite foam stiffer and more durable 
compared with the neat one. At last, fire-retardation tests demonstrated that the 
honeycomb-like barrier structure can effectively stop the fire path into the foam, 
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suppress toxic smoke generation, and maintain foam structure integrity, enabling the 
composite foam to have substantially improved fire resistance in comparison with the 
neat foam.  
In Chapter 4, the development of a general formulation is presented to model the 
expansion process of EPS microsphere and obtain important kinetic parameters during 
this process. A semi-analytical solution was first obtained based on the simplified case of 
a single bubble expansion in an infinite matrix. This solution provides a relatively simple 
tool to understand and optimize the expansion process. The dimensionless bubble 
radius and dimensionless bubble pressure are obtained to be exponential functions of 
dimensionless expansion time. The characteristic bubble expansion time is able to 
characterize the time scale of the expansion process. The equilibrated bubble radius is 
in reverse proportion to the characteristic bubble radius. The semi-analytical solution can 
qualitatively predict the experimental results of radial expansion of EPS microsphere 
obtained in a real-time observation. However, this solution suffers from some unrealistic 
simplifications, including infinite matrix, exclusion of pentane diffusion, and constant 
viscosity of polystyrene. To have a more accurate prediction of EPS expansion, a 
numerical solution was then developed to the model that correlates with the nucleation 
and expansion of multiple bubbles in a finite matrix at various expansion temperatures. 
The diffusion process of pentane and rate-dependent viscosity of EPS matrix were 
considered. It was discovered that the numerical solution is able to quantitatively predict 
the expansion of EPS microsphere. The temperature also plays an important role to 
determine the expansion kinetics. By increasing the expansion temperature, the process 
can be considerately accelerated. At last, a parameter sensitivity study was performed to 
examine the effect of each parameter over the expansion process. It was obtained that 
the growth rate of EPS microsphere during expansion can be increased by lowering the 
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diffusion coefficient, Henry’s solubility constant and matrix viscosity or raising the initial 
concentration of pentane. Finally, it was also found that only when the viscosity of epoxy 
liquid reaches a certain high value can it retard the growth of EPS radius, indicating that 
the retarding effect takes place in the late stage of the microwave expansion process. 
 
5.2 Recommendations 
From the results of the research work presented in this thesis, the following 
recommendations are made. 
First, it is expected that some thermosetting materials other than epoxy and 
phenolic resin can be equally used in the microwave expansion process to produce 
syntactic foams with different properties. For example, when melamine resin is used as 
the matrix material, the resulting EPS-filled syntactic foams can have enhanced rigidity 
and fire resistance. Moreover, flexible syntactic foams which may find applications in 
packaging can be produced if elastomers, such as polysiloxane and polyurethane, serve 
as the matrix. 
Second, properties of the composite polystyrene foams other than mechanical 
strength and fire retardation can also be altered when the composition of barrier layer is 
changed, resulting in foams with different functions. For instance, it is well known that 
termite invasion is one of the major threats to thermal insulating structures in buildings 
which are primarily made of polystyrene foam. An effective anti-termite capability can be 
incorporated into the design of composite polystyrene foams once the barrier layer 
contains proper pesticides. Also, when the honeycomb structure is made of conductive 
polymer or composites, conductive polystyrene foam can be obtained which may find 
many usages in electronic devices. 
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Third, it is found that the pre-cured epoxy liquid in the two stage hardener addition 
method can retain a certain viscosity for a relatively long time if the second part of the 
hardener is not added. This provides us with a simple way to produce viscous liquids 
whose viscosities can be easily altered by changing the ratio between base and 
hardener of epoxy. Such liquids may be applied in damping devices. 
Finally, the process model developed in this work can be used to model the 
expansion process of other types of expandable microspheres. Moreover, since the 
nucleation of bubbles are not considered in the system foamed by chemical blowing 
agent, the analytical solution to the process model can be directly used, providing a 
simple way to simulate the expansion kinetics.  
 
5.3 Future Work 
Some future work that may be followed after the research presented in this thesis 
is recommended below. 
First, a further study on the feasible process window of microwave expansion 
process should be conducted with a consideration of the variation of microwave power. 
While the microwave power is fixed at 100W to guarantee a controllable process in the 
work presented in Chapter 2, a higher microwave power might be used in industrial-
scale production, especially when the molded parts are large. Issues, such as upper and 
lower boundaries of process window, variation of power compensation factor, and 
influence of effective depth of microwave, should be drawn attention to during the study.  
Second, a study on the preparation of syntactic foams with large sizes using 
microwave expansion process should be carried out. While the results shown in Chapter 
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2 indicate that the developed process has a satisfactory molding capability to parts with 
small and medium sizes, its capability to mold large parts, such as meter-scale ones, 
should be further examined. Some issues should be considered when such study is 
conducted, such as the effective penetration depth and uniformity of the microwave 
heating, the competition between effective foaming time of EPS and the gelation time of 
epoxy, and the flowability change of the EPS-epoxy foaming feed as the heating process 
proceeds.  
Third, the process-structure-performance relation in the research of composite 
polystyrene foam needs further investigation. In the work shown in Chapter 3, only one 
set of processing condition and suspension formulation was studied. In order to optimize 
the performance of the composite polystyrene foams, a further exploration into the 
process-structure-performance relation is highly desired. The aspects of the study 
should cover but are not limited to influence of processing conditions and suspension 
formulation over the average thickness of the barrier layers, controlling parameters of 
the connectivity of the expanded EPS microspheres, formulation optimization of fire 
retardation compound, and quantitative characterization of the completeness of the 
honeycomb-like structure formation. 
Fourth, a feasible study on using pressurized steam as an alternative heating 
method to expand composite polystyrene foams is highly suggested. As presented in 
Chapter 3, the composite polystyrene foams were produced by expanding an 
expandable aqueous suspension system using microwave heating method. Since this 
system contains a considerable amount of water as diluent, it is possible to use 
pressurized steam to expand the unexpanded EPS microspheres instead of microwave. 
The change of heating method has several advantages. The cost can be further lowered 
because steam heating is a cheap heating method and little modifications need to be 
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made to the existing EPS foam production lines. Moreover, using steam is more 
environmentally friendly with almost no pollution that will be produced. 
Finally, the process model which is presented in Chapter 4 can be further improved.  
The rheological model used in the numerical solution is a simple power-law model which 
is not able to accurately simulate the rheological behaviors of polystyrene in extensional 
deformation. An upper convected Maxwell rheological model can be used to replace the 
power-law model to have a more accurate prediction of viscosity change under 
deformation. Moreover, some of the parameters in heterogeneous nucleation process 
are obtained by fitting the simulation curves to the experimental data. In order to 
calculate these parameters based on the physics available, some properties of 
unexpanded EPS microspheres, such as the amount and type of nucleating agent, 
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